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Single-crystal nickel-base superalloys are extensively used for turbine blades with 
thermal barrier coating (TBC) systems in gas turbine engines. In the event of the coating 
failure in service, the substrate is directly exposed to a corrosive gas environment and is 
damaged by oxidation. Understanding the oxidation behaviour of the bare metal is crucial to 
improve the performance of single-crystal nickel-base superalloys. 
This research focuses on elucidating the high temperature oxidation behaviour of the 
CMSX-4 alloy doped with lanthanum, including the transient oxidation behaviour during 
heating up with some partial pressure of oxygen. To do this, a two-stage oxidation 
experiment using isotopic oxygen was performed and various analyzing methods such as 
FEG-SEM, TEM with EDX, FIB-SEM, FIB-SIMS, and ToF-SIMS were applied. 
The transient oxidation behaviour of a nickel-base superalloy in different oxygen partial 
pressures showed that at high pO2 a triple-layered oxide developed: this consisted of an 
outer nickel oxide layer, then a complex aluminium-chromium oxide layer, and finally an 
inner alumina layer. A lower pO2 produced only alumina, as the reduced oxygen activity 
suppressed nickel oxide formation. An aluminium-depleted region in the alloy with a width 
proportional to pO2 was observed. 
The isothermal oxidation of a bare CMSX-4 alloy exhibited that the oxide was grown by 
the inward diffusion of oxygen via grain boundary of alumina oxide. In addition, the surface 
scale was spalled at the interface between the precipitation free zone (PFZ) formed beneath 
the alumina oxide layer and the fine precipitation zone due to the difference in mechanical 
properties during cooling down. 
In lanthanum-doped CMSX-4 alloy, lanthanum was detected throughout the surface 
scale including the top surface. The PFZ was not formed below the alumina oxide layer as a 
result of suppression of inward diffusion oxygen via grain boundary of alumina oxide due to 
the segregation of reactive elements to grain boundary. Consequently, the surface scale was 
well adhered to the substrate due to the absence of PFZ under the alumina oxide layer.  
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CHAPTER 1: INTRODUCTION 
 
Higher efficiency gas turbine engines have been continuously required by aircraft and 
electric power industries to respond to the high cost of fuel and low emission restrictions. In 
order to meet these requirements, the entry temperature of gas turbine (TET) must be 
increased. To achieve these higher temperature, there is a need to improve aerodynamics 
and cooling accompanied by the development of advanced materials and new thermal 
barrier coatings [1]. 
The initial alloy for turbine blades in the engine was a wrought nickel material, later 
substituted with a cast form due to higher creep resistance. With the introduction of improved 
casting techniques, cleaner and more complex alloys were produced. To improve the creep 
resistance at higher temperatures, the transverse grain boundaries were removed by 
directional solidification. Further developments resulted in the production of single crystal 
blades for use in more severe environments. This advanced superalloy blade, which also 
contains complex internal cooling holes, has widely been used as the first stage blades of 
gas turbine that are operating at approximately 1500°C TET [2]. In addition, thermal barrier 
coatings (TBCs) are employed to improve the temperature capability. These coatings are 
composed of a MCrAlY (M: Ni or/and Co) or aluminide metallic coating applied to the 
superalloy substrate for high-temperature oxidation resistance and a yttria-stabilized zirconia 
(YSZ) ceramic layer on the metallic layer for thermal insulation [3-5]. 
High-temperature components of gas turbines need to bear mechanical loads and resist 
oxidation and corrosion at high temperature. In order to meet these requirements the 
development of materials is primarily focused on the mechanical performance at high 





temperature, such as creep resistance. Recently, with increasing operating temperature, 
high-temperature oxidation and corrosion resistance are becoming more important. 
Occasionally, in case of the coating failure during operation, the base metal can be directly 
exposed to the oxidizing gas and high temperature of the turbine environment. In this 
situation, the components can rapidly degrade through high-temperature oxidation and as a 
result, the thickness of component wall and the ability to bear the load are lost. Furthermore, 
a fatigue failure can initiate due to the formation of brittle phases such as topologically close 
packed (TCP) phases [6-7]. Thus, it is important that the base alloys have the ability to 
withstand high-temperature oxidation until the components are overhauled. There is a need 
to form a stable, slow-growing adherent alumina for improved oxidation resistance of the 
high temperature components of gas turbines. The high temperature oxidation behaviour of 
single crystal nickel-base superalloys has been studied over decades, leading to the 
development of advanced alloys [8-11].  
Particularly, the understanding of the kinetics and mechanism of high-temperature 
oxidation plays a crucial role in developing advanced alloys with more resistance to oxidation. 
Research on this topic typically consists of isothermal oxidation experiments with varying 
exposure durations. Most of the reported studies focus on the effects of the chemical 
composition of alloys on the oxidation behaviour at high temperatures as a function of 
exposure time [8, 11-12]. However, few studies evaluated the microstructural changes 
during the heating to a temperature in oxidizing environments [13-15]. Traditionally, it is 
assumed that all oxidation occurs at the isothermal temperature and any initial oxidation can 
be disregarded when compared to the longer exposure to the isothermal high temperature; 
however, if the oxidation resistance of alloys is to be optimised, there is a need to examine 
oxidation behaviour during heating. Furthermore, there have been no controlled studies 
which compare changes in microstructure at and near the surface of the alloys with a partial 
pressure of oxygen. The insight gained may help develop stable protective oxides early in 
oxidation sequence. 





In studies on the high-temperature oxidation behaviour of nickel-base superalloys, an 
aluminium-depleted zone has been found below the oxide scale. The reported reason for the 
depleted zone is the outward diffusion of aluminium from the metal substrate to form alumina 
at the alloy surface. However, there is need to evaluate all contributing oxide growth 
mechanisms, which are controlled by inward-anion diffusion or outward-cation diffusion. In 
addition, the sub-surface microstructure in the metal substrate can provide information on 
the diffusion of substrate elements and the consequences on mechanical behaviour. To do 
this, two-stage oxidation experiments using a tracer oxygen isotope were conducted. To 
evaluate the in-depth profile of the isotopic oxygen tracer in the thin oxide layer, the surface 
scale was stretched by milling a bevel in the surface scale. The effects of reactive elements 
(RE) on oxidation behaviour of alumina-forming alloys have extensively been studied. Many 
studies have shown that the scale adherence was significantly improved by small additions 
(ppm) of REs to the alloy, as well as decreasing the oxidation rate. Although some studies 
claimed to detect these dopant elements on the surface of the oxide scale, there is still 
ambiguity in their distribution through the oxide scale of an alumina-forming alloy system [16-
18].  
      
The present research evaluates the significance of the oxide formed during initial 
heating and considers the effect of oxygen partial pressure on both oxide formation and 
near-surface microstructural changes of the second generation single crystal nickel-based 
superalloy CMSX-4.  
Recently, the high-temperature oxidation resistance of single crystal CMSX-4 was 
improved by the addition of reactive elements such as lanthanum or yttrium. Thus, there is a 
need to investigate the oxidation behaviour with the addition of single and multiple reactive 
elements.  





The thesis consists of seven chapters: 1. Introduction, 2. Literature review, 3. 
Experimental procedures, 4. Oxidation behaviour of CMSX-4 during heating with an oxygen 
partial pressure, 5. Oxidation of CMSX-4, 6. Oxidation of La-doped CMSX-4, 7. Conclusions, 
and 8. Comparison of oxidation behaviour between a bare CMSX-4 and lanthanum-doped 
CMSX-4 alloys. 
Chapter 2 provides a review of the relevant literature. The development of single-crystal 
nickel-based superalloys will be covered, followed by a description of the oxidation 
behaviour of nickel-base superalloys. Oxygen tracer experiments are reviewed with respect 
to oxidation mechanism studies. Finally, advanced analysis methods such as ToF-SIMS are 
described in this chapter. Chapter 3 describes the experimental procedures employed in the 
current investigation. 
Chapter 4 contains the results and analysis of the study on the oxidation behaviour of 
CMSX-4 during heating under varying oxygen partial pressure, including aspects such as 
transient oxidation, oxide layer microstructure, the effect of oxygen partial pressure, and 
aluminium-depletion in the substrate.  
Chapter 5 presents the results and analysis for the oxidation behaviour of CMSX-4 in 
oxygen at a pressure of 0.2 atm at 1100°C. Firstly, the oxide scale microstructure is 
described focusing on an area near the interface of oxide scale-metal substrate as related to 
the oxide growth mechanism. The spallation of oxide scale will be discussed.  
Chapter 6 presents the results and analysis for the oxidation behaviour of La-doped 
CMSX-4. The role of lanthanum will be explained in the context of the oxide scale 
microstructure.  
Chapter 8 discusses the comparison of oxidation behaviour of CMSX-4 alloy with and 
without lanthanum doping focusing on the improvement in the oxide scale adherence. 
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CHAPTER 2: LITERATURE REVIEW  
 
This chapter reviews the development of single-crystal nickel-base superalloys and their 
oxidation behaviour. In addition, the effect of reactive elements on the oxidation behaviour of 
the alumina-forming alloys is described. Subsequently, the two-stage oxidation experiment 
employed in this study is reviewed. Finally, characterisation using focused ion beam-
secondary ion mass spectroscopy (FIB-SIMS) and time-of-flight secondary ion mass 
spectroscopy (ToF-SIMS) is summarized. 
 
2.1 Development of single-crystal nickel-base superalloys 
Single-crystal nickel-base superalloys are mainly used for hot-gas-path components 
such as blades in aero engines and in the electric power industry. In particular, the 
application of the gas turbine for electric power generation and civilian aviation will rise due 
to the very high efficiencies and low environmental impact they provide [1]. The turbine entry 
temperature (TET) of the gas turbine engine is continuously being increased for higher 
efficiency. The evolution of TET can be correlated with the development of advanced 
materials for the components of the gas turbine engine.  
Nickel-base superalloys were developed for high temperature applications. The alloys 
have to maintain their excellent mechanical properties for long periods at high temperature. 
The most widely used indicator is creep resistance. Thus, the fundamental direction to 
develop the advanced alloys for high temperature use has been focused on improvement in 
creep properties.   
Initially, superalloy aerofoils were manufactured in wrought form using extrusion and 
forging processes [2]. However, there were some limitations on this approach due to both 





the heavy weight of blades and crack occurrences during post treatment, as a result of 
machining and working at high temperature. To circumvent these problems, turbine blades 
were produced by investment casting [3]. The performance of cast blades was considerably 
improved by the introduction of vacuum casting technologies. This enabled the cleanliness 
and quality of the alloys to be improved significantly.  
When the blades of the gas turbine engine are rotated at very high speed, the stress at 
transverse grain boundaries in the blades can reach a value equivalent to the failure stress. 
In order to prevent this type of damage to the blade, advanced casting technologies were 
introduced. Using these manufacturing methods it is possible to remove the transverse grain 
boundaries through the control of solidification rate and direction, producing the long 
columnar grained microstructures of directionally solidified blades. Mechanical performance 
of blades at high temperature was increased dramatically by such processing. 
With the aim of realizing the best creep properties, this innovative casting technology 
was extended to produce single crystal blades and was incorporated in high temperature 
components such as vanes. There are no grain boundaries in these components enabling 
them to withstand mechanical loading at high temperature for longer times and at higher 
stresses, and as a result, the use of single crystal blades is increasing in the gas turbine 
engine. The evolution of the blade casting is presented in Figure 2.1, while Figure 2.2 shows 



















Alloy developments accompanied these processing advances, and the generations of 
single-crystal nickel-base superalloys can be roughly classified. The first-generation single-
crystal nickel-based superalloys contain more gamma prime forming elements, such as 
aluminium, titanium and tantalum, than previous cast alloys. These alloys have high volume 
percentages of Ni3Al-based cuboidal gamma prime phase, typically between 60-80 vol.% in 
the gamma matrix. Elements in the alloy such as tungsten, molybdenum, and tantalum are 
known to reduce the bulk diffusion rate that leads to the coarsening of the gamma prime 
precipitates. This results in greater thermal stability of the microstructure. Alloys such as 
SRR 99, CMSX-2, RR2000 and PWA1480 are the outstanding first-generation class alloys.  
In the next generation superalloys, focusing on improvements in high temperature 
mechanical strength, the addition of rhenium, at the expense of other refractory elements 
was found to significantly improve the creep resistance. It helps in lowering the gamma 
prime coarsening kinetics and enhances the oxidation resistance by accelerating the 
transformation of transitional aluminium oxides into the stable form of α-alumina [6]. About a 
30°C increment in temperature capability is attainable with a 3 wt.% addition of Re to the 
base superalloy. These rhenium containing alloys are classified as second-generation 
superalloys. Typical examples of this class of alloy are René N5, PWA 1484, and CMSX-4. 
With the continuous development of the next generation superalloys targeting an even 
higher temperature capability, the rhenium content was increased to 6 wt.%. The challenge 
involved in this modification is to minimize the increase in density as well as minimising the 
formation of topologically close-packed (TCP) phases, which are deleterious to mechanical 
properties due to the their complex crystal structures. Two typical third-generation alloys are 
CMSX-10 and Rene N6. 
In the fourth-generation superalloys, ruthenium was added; however, this element is 
potentially detrimental to the oxidation resistance of the superalloy [7]. In order to improve 





the oxidation resistance of this generation of nickel-base superalloy at high temperature, 
reactive elements such as yttrium or lanthanum were added to the alloys [8-11].  
Along with progress in developing more creep resistant nickel-base superalloys, the 
oxidation behaviour of nickel-base superalloy is summarized in the following section. 
 
2.2 Oxidation behaviour of nickel-base superalloys 
At high temperature, materials suffer from environmental degradation such as oxidation. 
As discussed, the nickel-base superalloys widely used for components in the gas turbine 
engine are optimised for the mechanical properties, such as creep strength. Nevertheless, 
oxidation resistance of these alloys is a significant consideration in their use at high 
temperature.  
The section below reviews the oxidation behaviour of single-crystal superalloys including 
the oxidation mechanism, the effect of oxygen partial pressure on oxidation, and the effect of 
sulphur segregation on adherence of the oxide scale. 
  
2.2.1 General oxidation behaviour of nickel-base superalloy 
When an alloy is exposed to an oxidizing environments, the material can be degraded by 
the combination of oxygen with constituting metal elements. In order to protect the material 
from oxidation, the formation of a stable and slowly growing oxide on the surface is required. 
For oxidation-resistant commercial alloys, only three oxides such as Cr2O3, SiO2, and Al2O3 
are protective. The maximum-use temperature in combustion environments (at 1200°C) for 
various protective surface oxides was studied using thermodynamic calculations [12-13]. 
Chromia scales are rapidly attacked due to the volatility of this oxide. For the silica scales, 
there was also a volatility problem with water vapour. Alumina is the most protective oxide 
for oxidation resistance at high temperature over 1000°C due to its chemical stability.  





The resistance to isothermal oxidation of commercial single-crystal nickel-base 
superalloys such as CMSX-2, -4, -6 and SRR 99 by the formation of an adherent protective 
oxide has been shown for these alloys at temperatures below 1000°C, but spalling of the 
oxides from the surfaces is observed to occur during cooling, after oxidation at 1150°C and 
1200°C [14-15]. Good oxidation resistance is exhibited on the second generation of single-
crystal superalloys such as René N5, PWA 1484 and CMSX-4, containing ≈7 at.% Cr and 13 
at.% Al [7]. For the third generation of single-crystal superalloys such as René N6 and 
CMSX-10 containing 6 wt.% Re, the oxidation resistance of this class of alloy was 
significantly decreased due to the low level of Cr and Al compared to the second generation 
alloys [16]. For the CMSX-10 alloy, there were no aluminium- or spinel-oxides on the surface 
after oxidation at temperatures below 1000°C [17]. Fourth-generation superalloys showed a 
poor oxidation resistance when compared to the third-generation superalloys, due to the 
additions of Re and Ru, which have been shown to be detrimental to oxidation resistance 
[18].  
Table 2.1 summarises the formed surface scale on various single-crystal nickel-base 
superalloys with the oxidation temperature. The formed oxide scales are NiO, CoO, 
Ni(Cr,Al)2O4, Cr2O3 and Al2O3 depending on the alloy composition, oxidation temperature 
and time.   
 
In the following section, the oxidation mechanism for Ni-Cr-Al alloys will be dealt with to 










Table 2.1 Oxide scale formed on various single-crystal nickel-base superalloys after oxidation. 
Material Oxidation temperature 
(°C) 
Oxide scale Reference 
CMSX-2, CMSX-3, CMSX-4, 
CMSX-6, SRR 99 
800-1200 NiO, (Ni,Co)Cr2O4, Cr2O3, Al2O3 [14-15] 
CMSX-10 800-1000 (Ni,Co)O, Ni(Cr,Al)2O4, Al2O3 [17] 
PWA 1483 950 Cr2O3, (Ni/Co)Cr2O4, Al2O3 [19] 
PWA 1484 1200 Ni(Cr,Al)2O4, Al2O3 [20] 
DD 32, DD 32M 900-1000 NiO, NiAl2O4, Al2O3 [21] 
Ni-28Cr-11Al 1100 NiO, Cr2O3, Al2O3 [22] 
PM Rene 95 800 -1000 Cr2O3, TiO2, NiCr2O4 [23] 
 
 
2.2.2 Oxidation Mechanism of Ni-Cr-Al alloy 
To understand the formation of a protective alumina scale on second generation single-
crystal nickel-base superalloys, there is a need to examine the oxidation mechanism of Ni-
base alloys at high temperature.  
The oxidation mechanism of nickel-base superalloys containing chromium and 
aluminium can be classified into one of three categories into which Ni-Cr-Al alloys can be 
divided based on observed oxide kinetics and morphology as shown in Figure 2.3 [24]. 
Group I alloys are rich in nickel with low levels of chromium and aluminium. In the case of 
Group II alloys, they are relatively high chromium and low in aluminium. Lastly, the higher 
amounts of both chromium and aluminium are assigned to group III alloys. 
Figure 2.4 shows three fundamental oxidation mechanisms in Ni-Cr-Al alloy systems 
depending on the composition. In the group I alloys with low aluminium levels, a less-
protective NiO external scale with spinel based on Ni(Cr, Al)2O4 and sub-scale of Al2O3 and 
Cr2O3 is formed. Initial oxidation is preceded by the formation of Ni(Cr, Al)2O4 followed by a 
rapid outward-growing NiO scale. At deeper region of the substrate, internal oxides of Cr2O3 





and then Al2O3 are found due to their low equilibrium partial pressure of oxygen (Figure 2.4 
a-b-c). For the group II alloys with relatively high chromium and low aluminium contents, a 
Cr2O3 scale is formed as an external layer and then Al2O3 oxide as an internal oxide. Initially, 
the scale structure is composed of external NiO/Ni(Al,Cr)2O4 scale and Cr2O3/Al2O3 sub-
scale such as the Group I (Figure 2.4 a-b). With oxidation time, the sub-scale Cr2O3 is 
transformed into a continuous scale due to the sufficient amounts of chromium in the alloy 
(Figure 2.4 a-b-d-e). Lastly, the Group III alloys, which contain appreciable amounts of 
chromium and aluminium, are best capable of resisting high temperature oxidation due to 
the exclusive formation of a compact and adherent alumina oxide underneath the chromium 




Figure 2.3 Classification of Ni-Cr-Al alloys based on oxide and oxidation mechanisms at 





















III, such is the case for CMSX-4 [24-25]. This effect is called „selective oxidation‟; it is 
possible to form alumina in the ternary system at levels as low as 5 wt.% Al. 
 
2.2.3 Effect of oxygen partial pressure on oxidation behaviour 
During the initial stage of oxidation, the formation of oxide scales is controlled by the 
parameters such as oxidation temperature, partial oxygen pressure, alloy composition, 
microstructure, and surface condition. Most of research on oxidation behaviour has been 
focused mainly on the effect of alloy composition on oxide-layer growth [26-27]. In 
developing this oxide layer, the effect of oxygen partial pressure on the composition and 
structure was little studied.  
Nijdam et al. studied the effect of oxygen partial pressure on the initial oxidation 
behaviour of -NiCrAl alloys at 1100 °C [28]. For high oxygen partial pressure, a double-
layered oxide structure evolved. In the top oxide layer, NiCr2O4 at its upper part and Cr2O3 at 
its lower part of the layer were present, and α-Al2O3 at the bottom layer. For low oxygen 
partial pressure, α-Al2O3 was exclusively formed with a very thin NiCr2O4/Cr2O3 layer. In 
addition, the formation of a continuous, closed α-Al2O3 was enhanced. The formation of an 
α-Al2O3 layer and suppression of the oxide growth of Cr and Ni was dependent on the 
oxygen partial pressure. 
Also, the oxide layer on alloy 617 formed faster in air than in lower O2-containing 
atmospheres [29]. Under reduced oxygen partial pressure, the alloy was selectively oxidized 
due to the limited oxygen availability at the surface [30], and lower levels of noble elements 
were required for selective oxidation [31]. Under low oxygen partial pressure (10-5 mbar) at 
850 °C, oxides of all elements constituting IN 617 alloy are thermodynamically stable based 
on the Ellingham diagram (Figure 2.5); however, the selective oxidation occurred as a result 
of the reaction of elements with lower standard free energies of formation such as Al, Ti and 
Cr [32]. 







Figure 2.5 Ellingham-Richardson diagram adapted from [33] showing a partial oxygen 
pressure of the main oxides in Ni-Cr-Al alloys at 1135°C and the partial pressure condition for 
a transitional oxidation study during heating to 1135°C. H (high oxygen partial pressure, 0.2 
atm), M (medium partial oxygen pressure, 2 x 10-9 atm) and L (low oxygen partial pressure, 2 x 
10-11 atm). 
 
2.3 Spallation behaviour of surface oxide scale 
Generally, the resistance of alloys to corrosive and oxidizing gases at high temperature 
depends on the properties of the oxide scale grown on the surface of alloy. For this, the 
required properties of the oxide scale are thermodynamic stability, slow growth rate, and 





good adherence to the alloys. Breakdown of the scale usually takes place during cooling 
when the stress develops in the scale as a result of the thermal expansion difference 
between the scale and metal substrate. Practically, a compressive stress state exists in the 
oxide scale during cooling down. This compressive residual stress causes the scale to spall 
away via delaminating and cracking.  
Several commercial single-crystal nickel-base superalloys (CMSX-2, CMSX-3, CMSX-4, 
CMSX-6, SRR 99) exhibited complete spallation during cooling after isothermal and cyclic 
oxidation at 1150°C and 1200°C [14-15]. In the study of the oxidation of NiAl at 1100°C, the 
surface oxide scale was spalled by the formation of voids and cavities beneath the alumina 
oxide scale [34]. In most case for surface oxide scales, the spallation occurred at the 
interface between the oxide scale and the metal substrate. 
 
2.3.1 Modes of Spallation 
In order to understand the spallation behaviour of the surface oxide scales, there is a 
need to know the mode of oxide spallation based on a mechanical point of view during 
cooling from the oxidation temperature. The stress effects on the spallation of the oxide 
formed on an alloy at high temperature was extensively reviewed by Evans [35].  
Tensile stress in the oxide can be generated by heating above the oxidation temperature 
[36]. Also subsurface curvature, internal oxidation, or the dissolution of oxygen within the 
alloy substrate can produce a tensile stress in the oxide [36]. First, cracks are initiated 
through the oxide layer from pre-existing defects located within the oxide layer. The existing 
tensile in-plane stress distribution is disturbed by the formed cracks, thereby inducing shear 
stresses at the oxide/metal interface [37]. These stresses at the interface may produce 
decohesion and then spallation of oxide. 
The spallation of the oxide is usually difficult under tensile stress conditions. Most 
frequently, oxide spallation occurs under compressive in-plane stress in the oxide layer, and 





in most cases during cooling from the oxidation temperature. There are two principal routes 
leading to spallation under compressive stress conditions in the oxide layer. For the case of 
the strong oxide/metal interface strength, compared to that of the oxide, compressive shear 
cracking initially occurs in the oxide, and then wedges of the adjacent oxide layer are 
developed by the differential contraction as a result of further cooling of the sample. 
Subsequently, decohesion at the interface is produced as shown in Figure 2.6 (route I). For 
the case of a weak interface due to the aggregation of voids or the segregation of impurities 
such as sulphur, the buckling of the oxide is initiated over poorly adhered regions and 
propagates laterally along the interface (route II in Figure 2.6). The former case is called 




Figure 2.6 Principal routes to the spallation of oxide scale grown on the surface of alloy 
under compressive in-plane stress condition adapted from [38-39]. 
 
Route I: Wedging Route II: Buckling 





In addition to the effect of stress on oxide spallation, impurities in the substrate affect the 
failure of the oxide layer grown on the surface of alloys. In the following section, the effect of 
sulphur on spallation of surface scale will be described. 
 
2.3.2 Effect of sulphur on adhesion of the oxide scale 
Sulphur is known as the most deleterious element on the spallation of an oxide scale 
from alumina-forming alloys [40-41]. Sulphur is inevitably present in alloys at impurity levels 
during manufacturing processes. As alloys are exposed to high temperature, the sulphur 
existing within the alloy typically diffuses outwards to the free surface. In the case of the 
oxidation of alumina-forming alloys, the strength at the interface between the oxide and alloy 
substrate is weakened by the presence of sulphur [42-44]. Sulphur was mainly detected at 
the interface of a dense complete oxide layer and metal substrate. The segregation of 
sulphur to the interface destroys the normal strong bond between the alumina scale and the 
metal substrate [45]. Also, the co-segregation behaviour of sulphur with chromium was 
identified by Hou et al. [46]. The effect of sulphur on the reduction of the interface strength 
was investigated in NiAl alloys [47]. Also, the cyclic oxidation resistance of single-crystal 
nickel-base superalloys PWA 1480, 1484, 1487 was studied with sulphur content varying 
from 1 ppm to 45 ppm at 1100°C[45]. Below 3 ppm sulphur, the oxide scale grown on the 
surface of the alloys was adherent to the substrate, while most of the scale spalled away at 
higher sulphur levels. As a result, cleaner production methods have been established to 
manufacture superalloys containing a level below 1 ppm S. Also, the effect of sulphur on the 
adherence of the oxide scales was studied by the H2-annealed treatment on alumina forming 
alloys [48]. In the case of the H2-annealed sample, the level of sulphur in the alloy decreased 
with annealing time and an improved adherence of the oxide scale to the substrate was 
shown.  





Hou and Cannon studied the spallation behaviour of nickel oxide on nickel as a function 
of impurity levels [49]. They reported that the oxide scale spalled during cooling via buckling 
by the residual compressive stress (route II in Figure 2.6). The development of pores at the 
oxide/metal interface during oxidation was a controlling factor for scale failure. This pore-
induced scale failure was strongly dependent on the purity of substrate. The segregation of 
sulphur at the interfacial pore surfaces was confirmed by in-situ Auger analyses [49]. 
The detrimental role of sulphur on the adhesion of the oxide scale to the metal could be 
eliminated by the H2-annealing treatment to remove the sulphur or the addition of reactive 
elements to the alloy [43]. Most studies on adherent alumina scales were performed by 
desulphurization in hydrogen at high temperatures [41] and by vacuum annealing [50]. 
These studies indicated that the presence of sulphur weakens the oxide/metal interface in 
the alumina forming alloys. In most cases, the sulphur was found on the side of metal at the 
interface between oxide-metal substrate [51].  
In the following section, the beneficial effect of reactive elements on oxidation behaviour 
is described in terms of oxidation mechanisms, improvements in scale adhesion and the 
characterisation of these elements within the microstructure. 
 
2.4 Reactive element effect 
The reactive element (RE) effect was patented in the 1930‟s [52]. Improvements in the 
resistance to oxidation of superalloys can be gained through the addition of reactive 
elements such as lanthanum, yttrium, zirconium, and hafnium. Reactive elements are 
defined as any chemical species which have a higher affinity for oxygen than the scale-
forming elements [53]. The addition of these elements to Fe-, Ni- and Pt-base alloys 
increased the resistance to high-temperature oxidation dramatically [53-55]. Concentrations 
of less than 0.5 at.% can be added as oxide dispersions or as dissolved metals to avoid 
internal oxidation [9] and over-doping [56-58].      





Figure 2.7 shows the effect of reactive element additions on the oxidation behaviour of 
CMSX-4. The resistance to scale spallation during cyclic oxidation was dramatically 
improved by the addition of lanthanum and yttrium. Also, the addition of various reactive 
elements to a Ni-Al [59] alloy showed similar results, including the formation of a slow 
growing oxide scale by the doping of parts per million levels of hafnium or yttrium [60].  
 
 
Figure 2.7 Results of cyclic oxidation experiments (a cycle comprising of holding for 1 hr 
at 1093°C and then 5 min air blasting) for bare CMSX-4 alloy with and without reactive element 




Three general mechanisms have been proposed to explain the improvements in 
oxidation resistance. First, the dynamic-segregation theory states that the new rate-limiting 
step is the inward diffusion of oxygen anion through oxide grain boundaries in the growing 
alumina oxide due to the blockage of aluminium cation diffusion by slower diffusion of large 
reactive element ions [61]. It was found that, using analytical TEM on cross-sectioned 
samples, the reactive elements segregate to the alumina grain boundaries in the 0.5 Y2O3 





wt.% doped ODS alloy (MA956) [62]. Similar studies on the distribution of reactive elements 
showed that the reactive elements segregated at alumina grain boundaries in all cases [63-
65]. The second mechanism proposed that reactive elements act as a getter for sulphur, 
which tends to segregate and form voids at the oxide/alloy interface resulting in spallation. 
Reactive elements such as lanthanum and yttrium are thought to bind to the sulphur by 
forming sulphides [11, 60, 66].  The third mechanism states that reactive element additions 
promote a preferential cationic or anionic diffusion [67-70], allowing alumina oxide to form at 
either the gas/oxide interface or oxide/metal interface.  
  
2.4.1 Methods for the introduction of reactive elements 
Incorporating reactive elements into the alloy can be accomplished through a variety of 
routes, each with advantages and disadvantages as discussed in the following sections. 
 
2.4.1.1 Ion Implantation 
A uniform distribution and doping level control of reactive elements are very important to 
achieve the maximum beneficial effect on the adhesion of external oxide scale. Ion 
implantation has advantages for doping the reactive elements without a solubility limit. In 
addition, the control of the substrate with the level of the reactive elements must be 
controlled. This method was widely used to study the reactive element effect on chromia-
forming alloys [71-77]. In pure Cr and M-Cr alloys (M=metal), the oxidation rate decreased 
with the ion implantation of yttrium in a range of 0.1 – 8.5 at.%. The ion-implanted yttrium 
was segregated to grain boundaries of oxides or at the metal/scale interface as seen using 
TEM-STEM EDX [76-77].  The segregated yttrium cations at grain boundaries of the oxide 
reduced the diffusion of chromium cations along the oxide grain boundaries. As a result, the 
rate of inward oxygen transport was higher than the outward migrating metallic cation, and 
the overall oxidation rate was determined by the inward transport of oxygen. The rate of 





oxide growth by the inward oxygen was slower than that of the outward cation controlled 
mechanism.  
However, the ion implantation method of introducing reactive elements for alumina-
forming alloys was controversial. In yttrium-implanted alumina forming alloys, the beneficial 
effect of reactive elements was accomplished on condition that the implantation was at a 
threshold amount   [78-79].  Other studies on reactive elements implanted in alumina-
forming alloys found the effect was less than for the case of alloy additions of reactive 
elements or oxide dispersion of reactive elements [73, 80-83].  
There are some limitations on the ion implantation of reactive elements to produce a 
beneficial effect on high temperature oxidation. For instance, the loss of effectiveness in 
yttrium-implanted pure Cr after short exposure at 1025°C, cerium- and yttrium-implants in Ni 
after 150 hr at 900°C, and the spallation of alumina scale on an yttrium implanted alumina-
forming alloy at 1100°C [83-84]. The loss of the reactive element effect at high temperatures 
in alumina-forming alloys was proposed to be related to the outward diffusion of the 
implanted reactive element into the surface due to the shallowness of implanted layer [85].  
 
2.4.1.2 Oxide dispersion 
One of the reactive element addition methods for achieving good scale adhesion is oxide 
dispersion. In addition, incorporation of reactive elements by oxide dispersion improves the 
high-temperature mechanical properties of the alloys [86]. A further advantage of this 
method is a uniform distribution of the element through a fine dispersion of oxide particles 
with no second phase precipitates forming in the alloy [58]. As a result, reactive element 
oxide dispersions in an alloy can improve both high-temperature mechanical properties and 
oxidation resistance. 
Excellent oxidation resistance for alumina-forming oxide dispersion alloys was obtained 
with dispersions of 1 wt.% Y2O3 and ZrO2 [87-90]. The dispersed reactive elements were 





observed at the grain boundaries of oxide scale, suppressing the outward migration of 
cations along the grain boundaries. Then, the oxidation was primarily determined by inward 
oxygen transport. Thus, the overall oxidation rate was lowered due to slower oxygen 
diffusion than aluminium. The scale microstructure comprised of a fine equiaxed grains 
underlying columnar grains in the reactive element doped alumina.  
 
2.4.1.3 Alloying additions 
The most widely used method for introducing beneficial reactive elements is as alloying 
additions. The elements added to improve the oxidation resistance are mainly Y, Zr, La, Ce, 
and Hf, which significantly decrease the oxidation rate and improved the adherence of the 
alumina scale at high temperature [54, 62, 91]. 
Studies on the effect of reactive elements (0.018-0.06 wt.% Y, 0.01-0.07 wt.% La, 0.014-
0.023 wt.% Ce) on the oxidation behaviour of FeCrAl alloys showed a decreased growth rate 
of the Al2O3 scale [64]. Also, the reactive element effect was confirmed by additions of 
lanthanum and hafnium to high-purity Fe-20Cr-5Al alloy decreasing the oxidation rate of the 
alloy during cyclic oxidation at 1100°C and 1200°C in air [92]. Doychak and Ruhle examined 
the effect of zirconium as a reactive element addition to NiAl and Ni3Al alloys [93], while 
yttrium additions showed the decreased growth rate of alumina oxide grains on NiCoCrAlY 
alloy at 1100°C [94].  
To improve further the oxidation performance of alumina-forming alloys incorporation of 
two reactive elements was attempted [9]. Yttrium and hafnium were added to FeCrAl alloys 
and this resulted in a reduced growth rate of the alumina oxide, while minimizing the 
formation of reactive element-rich oxide in the scale and the internal oxidation. Co-doping 
was also more effective in improving scale adhesion than in lowering the growth rate of the 
oxide. In general, RE additions to the alloy are maintained below 0.5 at.% to avoid the 
formation of reactive element-rich oxides in the scale and internal oxidation. For the 





aluminide bond coats, the additions were below 0.05 at.%, which is near the known solubility 
limit in NiAl and (Ni, Pt)Al to avoid internal oxidation.  
 
2.4.2 Reactive Elements Effects 
The most potent effect of reactive elements on the high temperature oxidation is the 
change in the transport mechanism of the oxidising species. Cation transport through the 
scale was reduced with reactive element doping thereby the oxide was primarily grown by 
inward oxygen diffusion for both chromia- and alumina-forming alloys [77, 95-97]. Using 18O2 
tracer studies for alumina-forming alloys at temperature range 900 - 1200°C, the inward 
oxygen diffusion occurred not by lattice diffusion but by grain boundary diffusion [98]. Based 
on the 18O tracer profiles, the scale grain boundaries were a principal path for the oxygen 
transport [98].  
The rate constant and the scale microstructure were affected by the change in the scale 
growth mechanism. The reduction in the parabolic rate constant was attributed to the 
reduced cation transport through the scale. For the chromia-forming alloys, the diffusion rate 
of chromium is much faster than that of oxygen, so as the migration of chromium is 
suppressed, the oxide growth rate is significantly affected to an extent of a 10 – 100-fold 
reduction [76-77, 99-101]. A similar effect on the decreased rate of oxidation (a factor of 
three or four) appears for the oxide growth of alumina-forming alloys; however, the degree of 
the contributing effect is slightly different, with a more profound effect in the chromia-forming 
alloys compared to the alumina-forming alloys [77]. In the alumina, the diffusion rate of 
aluminium through alumina is similar to the rate for oxygen [88]. So the effect of reactive 
element on the reduction in the rate constant was more profound in chromia-forming alloys 
than in alumina-forming alloys.  
Another feature of the change in oxide growth mechanism is the change of the scale 
microstructure. For α-Al2O3 scales formed on substrates doped with reactive elements, a fine 





equiaxed grain structure at the top layer is formed with columnar grains at the inner layer. 
The columnar structure appears to be formed due to the preferred growth orientation of α-
Al2O3 that develops when a single species is diffusing [88]. In contrast, in the case of the 
outward chromium diffusion for undoped α-Cr2O3 scales, a columnar structure is been 
observed at the gas interface [102]. When both cation and anion diffusion are incorporated in 
undoped alumina-forming alloys, a columnar oxide grain could not be observed [56, 67, 95, 
97]. Another effect of reactive element on the scale microstructure is a finer grain size for 
scales due to a reduction in the scale grain growth rate [94]. 
  A proposed model for improvement in scale adhesion suggests that the growth rate of 
the oxide scale on the alloys is reduced by segregation of reactive elements to the oxide 
grain boundaries. Consequently, the segregation of reactive elements to oxide grain 
boundaries suppresses the cation outward diffusion along the grain boundaries while the 
oxide growth mechanism is primarily determined by the inward oxygen transport, which is 
slower than for the cations [102], and the resulting thinner oxide scale can more easily 
accommodate the growth and cooling stresses [77].  
 
2.4.3 Proposed Theory for Reactive elements effect 
Dynamic-Segregation Theory 
The concept of this theory is a combination of the reactive element segregation to the 
oxide scale grain boundaries with the diffusion of these elements toward the scale-gas 
interface during oxidation. The diffusion of reactive elements via the oxide to the gas 
interface was observed for the samples that had reactive elements added as an alloy solute, 
oxide dispersion, and ion implantation [57, 67, 85, 96, 103].  
First, the added reactive elements segregate to the scale grain boundaries due to the ion 
size misfit. These segregated elements diffuse towards the scale-gas interface through the 
grain boundary as a result of the oxygen potential gradient. The oxygen potential at the 





scale-gas interface is much higher than that at the metal-oxide interface. Reactive elements 
ions diffuse toward the scale-gas interface, which has a higher oxygen potential.  
The diffusion of the segregated reactive element ions is slower than the cations and so 
the outward transport of cations along the scale grain boundaries is suppressed. Further, 
oxidation progresses primarily by the inward diffusion of oxygen ions through the scale grain 
boundaries. Consequently, the parabolic rate constant is reduced by the suppression of the 
outward cation diffusion.  
Another effect of the segregation is the reduced scale grain growth due to a solute-drag 
effect of the RE ions on the scale grain boundaries, resulting in a finer grain sized scale. 
Also, another feature of microstructure is the formation of the columnar grain oxide scale 
above the metal-oxide interface as a result of the inward-growth mechanism and preferred 
oxide growth direction of α-Al2O3.  
 
Modelling for adsorption of Al, O, Hf, and Y atoms on α-Al2O3 (0001) 
α-alumina is known to have the lowest oxygen diffusivity of ceramic materials and has a  
low growth rate [104]. Addition of reactive elements to the alumina-forming alloys led to a 
change in the growth mechanism from outward aluminium diffusion in the undoped alloy to 
inward oxygen diffusion in the RE-doped alloy [105]. However, the specific pathways of 
elements (Al and O) including doped reactive elements involving for alumina oxide growth is 
yet to be characterized. Hinnemann and Carter investigated the adsorption of Al, O, Hf and 
Y atoms on the α-Al2O3(0001) surface using first-principle density functional theory to 
provide a guideline to determine the behaviour of elements at the alumina grain boundary 
[106]. They identified that Al, Hf, and Y adsorb on the same site on the α- Al2O3 (0001) 
surface, while O adsorbs on a different site. However, stronger bonding of Hf and Y on the 
surface compared to Al was found. Y and Hf might hinder the absorption of Al due to the 
strong bonding, and the same site preference of both elements as well as Al thereby inhibits 





Al diffusion on the basal plane of alumina oxide [107]. On the other hand, oxygen does not 
occupy the same site as Y and Hf, so the diffusion of oxygen would not be blocked by these 
reactive elements.    
 
2.4.4 Characterisation of doped reactive elements 
It is necessary to determine the location of the segregated ions to elucidate the oxide 
growth mechanism of the alloys containing additions of reactive elements. Generally, the 
amount of the reactive element added is limited to below 50 ppm in order to avoid 
detrimental internal oxidation. The tracer elements present in the alloy segregate to the grain 
boundaries of the oxide scale or the metal-oxide interface during oxidation.  
Some studies have been performed to observe reactive elements, mainly using 
analytical transmission electron microscopy together with energy dispersive spectrometry, 
field emission gun–scanning transmission electron microscopy (FEG-STEM). Because of the 
low level of the additions, it is challenging to detect their distribution in the microstructure, but 
to date, FEG-STEM has proven to be a sound approach.  
 A fine electron probe size, along with proper orientation of the boundary or interface, is 
required to detect ionic segregation. Techniques such as electron microprobe analysis 
(EPMA) simply do not have the spatial resolution to detect low levels of grain-boundary 
segregation. However, the development of FEG-STEM over the last 20 years has 
dramatically improved the use of micro-chemical analysis using energy-dispersive X-ray 
analysis (EDX).  
For the case of oxide spallation on the oxidized alloy, TEM sample preparation to 
analyse the surface oxide layer is very difficult. Several error sources could exist in the TEM 
observations. On RE-doped oxide scale cross-sections [108], the amount of segregation on 
the grain boundary did not show a constant value with depth.; furthermore the actual depth 
of the cross section is hard to know without surface markers. Using FEG-STEM X-ray maps, 





statistically reliable data collection is difficult due to the required long acquisition time (1 – 3 
h) and specimen drift. Also, the accuracy is reduced by the small analysis areas, typically 
less than 20 µm2, consequently, as point analyses cannot avoid beam shift and specimen 
drift during the acquisition time.  
The segregation of yttrium on the grain-boundary of a Cr2O3 scale grown on pure 
chromium was characterized by TEM and STEM [77]. The effect of ion-implanted yttrium on 
the oxidation behaviour of β-NiAl was studied by a STEM annular dark-field image and high 
resolution X-ray mapping [85]. Also, the improved effect of Y2O3-dispersion in alumina-
forming alloys on the adherence of the oxide scale was confirmed by scanning-transmission 
electron microscope (STEM) analysis of the scale [109]. The existence of yttrium was 
detected near the alumina-nickel-rich oxide interface through the X-ray map in STEM- 
HAADF mode. Pint et al. investigated the reactive element effect in an FeCrAl alloy [88]. The 
characterisation of reactive elements was performed by measuring the weight percentage 
ratios for each element as a function of the distance from oxide/metal interface in the STEM-
EDX mode. Moreover, the influence of hafnium additions on the microstructure of β-NiAl 
coatings on superalloy also has been studied [110]. The hafnium precipitates were detected 
along the grain boundaries by STEM-HAADF imaging with EDX spectra. Unocic et al. 
investigated the mechanism by which yttrium and lanthanum dopants affected the oxidation 
behaviour of single-crystal nickel-base superalloy with a MCrAlYHfSi coating [111]. The 
segregation of yttrium and hafnium was detected along the alumina grain boundaries, but 
lanthanum was not detected in FEG-STEM mode.  
 
2.5 Two-Stage Oxidation Experiments 
In order to investigate the effect of reactive elements on the high temperature oxidation 
behaviour of a single crystal superalloy, a study of the oxidation mechanisms is necessary. 
Thus, appropriate approaches are required to identify the oxidation mechanism of the alloy.   





The noble-metal marker has been used to track the movement of interfaces in a wide 
variety of material systems. These markers were intended to serve as fixed reference points 
and were typically used to aid in determining which species were diffusing during a reaction 
process. Metal markers are chemically inert with respect to the surrounding matrix or can at 
least be distinguished from the reaction product. Although the scale of the marker is small, it 
is still necessary for the transport to take place through the marker layer or for the marker 
layer to be broken up [112]. 
Note that the previously reported “marker” experiments using noble-metal markers, 
positioned on the surface prior to oxidation, may incorrectly suggest an inward growth 
mechanism for alumina scales [113]. The markers were easily incorporated into the growing 
oxide during the very early stages of oxidation and were difficult to detect at the oxide-metal 
interface. It is proposed that the catalytic behaviour of the markers was caused by their 
fragmentation into a large number of islands, leading to the refinement of the oxide grains, 
which in turn accelerated the substrate oxidation rate [114]. 
In order to study the oxide growth mechanism in a thin oxide scale, the 18O2 tracer has 
been effectively used [115]. High spatial resolution secondary ion mass spectroscopy (SIMS) 
enables determination of the elemental in-depth distributions. Many researchers have 
explored oxidation mechanisms by using two-stage oxidation coupled with SIMS and 
secondary neutral mass spectroscopy (SNMS) analyses [116-119]. The techniques (SIMS or 
SNMS) are applied after the sequential oxidation in 16O2 and 18O2 environments. During this 
sequential oxidation experiment, the sample material is first exposed under a 16O2 
atmosphere for a predetermined period and then the oxidizing environment is changed to the 
18O2 gas in the second stage of the oxidation process. The oxygen tracer exchange was 
done by evacuating the oxidizing gas in the first stage without cooling to avoid scale fracture. 
The tracer 18O2 depth profiles then were analyzed by using SIMS or SNMS after sequential 
oxidation experiment. 





The typical shape of the depth profiles of oxygen isotopes expected for different growth 




Figure 2.8 Schematic diagram of the depth profiles of 16O and 18O with possible oxide 
growth mechanism by which are primary contributing species to oxide growth and the 
diffusion paths adapted from [98, 120-121]. 
 
2.5.1 Two-stage oxidation experiment with the use of SIMS 
A study of transport processes in the oxidation of pure nickel was performed using a 
tracer oxygen in the temperature range 500 – 1300 °C [122]. For nickel at all temperatures, 
the growth of the inner layer of the duplex scales was primarily determined by the short-





circuit diffusion of oxygen. For NiAl and NiAlY alloys, the growth mechanism of the alumina 
scale formed on the surface of the alloys was studied using an 18O tracer [123]. In this study, 
the effect of yttrium additions on the oxidation mechanism of NiAl alloy was investigated 
including mass transport in the alumina. Harris and Atkinson [124] examined the effect of 
oxidation conditions on the penetration of oxygen into the growing nickel oxide scales in 
terms of oxidation temperature and oxygen pressure. An increase in amount of oxygen 
penetration with reducing temperature was found. As the oxidation temperature is increased, 
less uniform oxygen transport was observed. Also, a reduction in the amount of oxygen 
penetrating the scale was found with oxygen pressure reduction [124]. Also, this method was 
used for the determination of the lattice and grain-boundary diffusion coefficients of 18O at 
900 °C in the chromia-forming alloy Ni-30Cr alloy. Very good agreement in the determined 
oxygen-lattice diffusion coefficients was acquired between in the Cr2O3 scales and in 
massive Cr2O3. The proposed mechanism for scale growth is as a result of the counter 
current diffusion of oxygen and chromium, mainly by grain-boundary diffusion [125]. The 
effect of reactive elements on the oxidation behaviour of chromia-forming alloys has been 
studied using two-stage oxidation with a help of oxygen tracer and SIMS analysis. The 
predominant diffusion mechanism was changed from the outward diffusion of cations to the 
inward diffusion of anion in the Cr2O3 scales due to the segregation of yttrium at Cr2O3 grain 
boundaries [77]. Also, the effect of surface condition on oxide growth of nickel modified with 
cerium implants and CeO2 coatings was investigated. In the study, the effect of reactive 
element on oxide growth was more profound on the chemically polished surface than the 
mechanically finished surface. For the single crystals, the oxide growth was dependent on 
the crystallographic orientation of the modified surface showing enhanced inward oxygen 
diffusion as a result of the suppression of nickel outward diffusion due to the presence of 
reactive element [126]. In the case of reactive element oxide coating (Nd2O3) on the 
chromia-forming alloys, the reactive element effect was not effective at very initial oxidation 
stage (within 1 hr). After longer exposure, the effect of reactive element on oxide scale 
growth was exhibited, leading to inward diffusion of oxygen due to the grain boundary 





segregation of reactive element (neodymium) in the chromia scales [127]. Chevalier et. al. 
examined the influence of reactive element oxide coatings on high temperature oxidation 
behaviour of alumina-forming alloys [128]. In this study, the oxidation rates were not 
decreased and only slight improvement in the adherence of oxide-scale was observed. And 
the evolution of convoluted scales was explained as a result of the growth of alumina due to 
a mixed anionic-cationic diffusion process. 
The oxidation behaviour of Pt-aluminide coatings on nickel based superalloys was 
evaluated by the use of isotopic tracers and SIMS analysis to elucidate two different 
oxidation mechanisms [129]. At 1100°C, new oxide growth was found within the existing 
oxide. For conditions above 1100°C, the new oxide was grown at the oxide-coating interface 
involving oxygen inward diffusion via short circuit paths such as grain boundaris [129]. In the 
solid oxide fuel cell field, isotopic exchange and SIMS depth profiling has been widely used 
to study oxygen diffusion and surface exchange at high temperature in these ceramics. In 
the study, the increase in oxygen tracer diffusion was found with oxygen activity reduction 
and was as a result of an increase in oxygen vacancies concentration showing the remained 




Among the various techniques developed for characterising interfaces, surface and 
interface analysis methods in combination with ion sputtering are frequently used because 
they are applicable to almost any kind of required depth resolution, from the atomic mono-
layer region over a wide depth range up to several micrometers. Various phenomena, the 
most important of which are due to ion beam induced changes to the surface roughness and 
composition, as well as beam induced mixing, limit the experimentally achievable depth 
resolution. The influence of sample characteristics and experimental parameters like ion 





beam energy and incident angle on depth resolution and its dependence on the sputtered 
depth serves as a guideline for the selection of an optimized profiling condition. The interface 
atomic mixing due to ion bombardment creates challenges that limit the accurate 
determination of each layer thickness. The only non-destructive tool used so far was cross-
sectional transmission electron microscopy (TEM), which gave the most accurate and 
reliable measurement of each layer including the uncertainty due to natural interface mixing 
[131]. 
Secondary ion mass spectrometry (SIMS) uses energetic primary ions (such as Cs+, Ar+, 
Ga+) to sputter secondary ions from materials for analysis. The sputtering process is 
relatively well understood as a transfer of energy in a collision cascade from the primary ion 
to various secondary species: atoms, molecules, clusters and ionized versions of these 
species. The primary ion is finally implanted up to 50 nm deep in the surface [132]. During 
„normal extraction‟ a short pulse of primary ions (typically a few ns in length) impacts the 
surface whilst it is at high potential (+2500 V in this case) relative to ground. The secondary 
ions formed are accelerated through this potential difference into the extraction optics. The 
advantage of this mode of operation is that all species are accelerated into the extraction 
optics almost equally so that there is little fractionation between species. The disadvantage 
of this mode of operation is that the mass resolution is defined by the pulse length of the 
primary ion pulse and so signal rates can be very low when high mass resolution is required, 
for example to resolve many of the isobars encountered during this study [133]. 
 
2.6.1.1 Depth profiling 
The direction of oxide grown on metals was studied by the depth profiles of an isotope of 
oxygen using SIMS analyses. Cotell et al. investigated the influence of implanted yttrium on 
the oxidation of pure chromium at 900 °C using an 18O-tracer together with SIMS analysis 
[77]. The change of oxidation mechanism from the fast cation transport to the oxygen 





diffusion was due to the segregation of yttrium at the chromium oxide grain boundary. A 
study of oxide growth on nickel with cerium implants and a CeO2 coating was performed 
using SIMS depth profiling [126]. Also, the effect of a reactive element on the oxidation of 
chromia- and alumina-forming alloys was studied [127, 134].  
 
2.6.1.2 Tapering  of  the  oxide layer 
In depth profiling, surface roughness and segregation limit the depth resolution. If a taper 
is produced on the sample surface, the underlying layer may be converted into a wide stripe 
thereby can improve the resolution. Then line-scanning on the tapered surface yields a 
depth profile. To achieve a reasonable magnification, the required angle for tapering is of the 
order of 10-3 – 10-4 radians. This gives sufficient magnification for observation of very thin 
layers at the surface. To avoid surface damage during ion milling for tapering, a relatively 
high energy beam is used for high speed depth profiling and then the damage is sputtered 
away with a very low energy beam. Tapered materials may be analysed by many other 
microscopic techniques, such as SEM, AES (Auger electron spectroscopy), XPS (X-ray 
photoelectron spectroscopy) and ToF-SIMS (time-of-flight SIMS).  
 
2.6.2 Time-of-Flight Secondary Ion Mass Spectroscopy (ToF-SIMS) 
Surface characterisation has been used to identify the concentrations of elements or 
compounds present in the sample and to examine the variation of composition as a function 
of position or depth. The detection of a particular element or compound, the distribution of 
species across a surface or with depth, or a quantitative estimation will always depend upon 
the results obtained by the analytical tools used and their limitations. The techniques 
extensively used for elemental and chemical identification of the materials are shown in 
Table 2.2 in order to compare their capabilities.  






  Table 2.2 Comparison of analytical techniques [135].  
Analysis 
technique 




Ions (Bi, Au, Ga) Electrons Electrons 
Detected Species Electrons Ions(+/-) Electrons X-rays 




(except H, He) 
Yes 
Yes  






Yes (organic + 
inorganic) 












Analysis Depth 1-10 nm 1 nm 1-10 nm 




10 µm to 10 mm 1 µm to 500 µm 
Sub- µm to 
µm-range 




3 µm 0.1 µm 0.05 µm 
0.5 µm to 
several µm 
Depth Profile Yes (Ar sputter) 
Yes (Cs, O2, Ar 
sputter) 
Yes (Ar sputter) Yes (X-section) 
Data Collection 
Speed 
Slow Fast Slow Fast 
. 
Firstly, AES has problems in examining insulating materials and only gives elemental 
information and therefore is less useful in analysing oxides. SEM/EDX also provides only 
elemental information and has detection limits. On the other hand, XPS and ToF-SIMS 
provide elemental information as well as chemical information. Both elemental and chemical 
(primarily oxidation state) information within a sample depth of about 10 nm can be acquired 
using XPS, whereas ToF-SIMS gives elemental and chemical (primarily molecular fragments) 
information from within a sample depth of about 1 nm with parts-per-billion level detection 
limits. 






- Principle of ToF-SIMS 
Primary source ions (e.g., Bi+, Au+, Ga+, SF5+, and Ar+) impact a given sample at high 
energy (10-25 keV). The energy of the impacting ion is then redistributed throughout the 
near-surface region and results in the eruption of the material from this region. Most of the 
species that are ejected from the surface are charge neutral. However, a small percent from 
within a depth of about 1 nm are ejected at low energy with either a positive or negative 
charge. The time-of-flight (ToF) analyser then collects these secondary ions. The time that it 
took for a given ion to travel down the flight tube after it has been given about 2 keV of initial 
energy is then measured very accurately (in the picoseconds regime). The square root of the 
mass m of any secondary ion is simply proportional to the time t that it took to travel the 
length of the analyser to the detector. That is, 
                      M1/2 = C1t + C2 
C1 and C2 are constants of the system that are easily determined during spectral 
calibration. Thus, light ions arrive at the detector well before heavier ions since they travel 
faster. For this type of analysis to work, the primary ion source must be pulsed such that the 
pulse duration is as short as possible (generally < 1 ns). This is in order to provide a well-
defined start time for the ToF analysis. All of the ions (no more than about ten) that were 
produced as a result of the subsequent surface interactions are then measured by the ToF 
analyser within a period of 100 µs. This means that we can pulse the primary source at a 
repetition rate of 10 kHz and measure about 100 000 ions/s. This type of (pseudo) parallel 
analysis essentially collects all the secondary ions and is thus highly sensitive. Both 
inorganic and organic fragments are observed, and the resolving power of the instrument 
makes such differentiation very easy.  
 The intensity of a given peak in a ToF spectrum is partly dependent on the 
concentration of a given material and partly on how well it ionizes. The latter is an intrinsic 





property of the atom or molecule, as well as its environment or matrix. In addition, elemental 
and molecular imaging can also be accomplished using the primary beam source. Thus, 
interpretation of mass spectra with many fragments can be challenging for materials with 
many organic components.  
 
- Application examples in identification of doping elements 
Charge compensated high-resolution imaging of an insulating sample has been acquired 
by time-of-flight secondary ion mass spectroscopy [136]. Also, the surface molecular 
structure from organic corrosion inhibitor films can be evaluated [137]. For a better 
understanding of the bonding type at the interface, the orientation of the silane coupling 
agents is a good example and was determined by ToF-SIMS [138]. In a thin film of Ta2O5 
with a thickness of 3 nm, the depth profiles of the secondary ions were analyzed [139]. The 
distribution of the oxygen isotope with depth has been analyzed in a Ta2O5 ultra thin film 
[140]. Also, determination of impurities and contamination in materials can be assessed [135, 
141-143]. These applications demonstrate the ability of ToF SIMS to detect elements in the 
ppm range, well below other available techniques, making it an ideal tool to explore the 











1. The Gas Turbine - A Climate Change Solution.   [cited 2010; Available from: 
http://www.gasturbine.org/images/thegasturbinesolution.pdf. 
2. Wright, D.C. and D.J. Smith, Forging of blades for gas turbines. Materials Science and 
Technology, 1986. 2: p. 742-747. 
3. Whittaker, G.A., Precision casting of aero gas turbine components. Materials Science and 
Technology, 1986. 2: p. 436-441. 
4. Kear, B.H. and B.J. Piearcey, Tensile and creep properties of single crystals of the nickel-base 
superalloy Mar-M200. Transactions of the Metallurgical Society of AIME, 1967. 239: p. 1209-
1218. 
5. Rolls-Royce plc., ed. The Jet Engine. 4th ed. 1992, Derby, UK: The Technical Publications 
Department. 
6. Liu, C.T., X.F. Sun, H.R. Guan, and Z.Q. Hu, Effect of Rhenium Addition to a Nicekl-base Single 
Crystal Superalloy on Isothermal Oxidation of the Aluminide Coating. Surface & Coatings 
Technology, 2004. 194: p. 111-118. 
7. Kawagishi, K., H. Harada, A. Sato, A. Sato, and T. Kobayashi, The oxidation properties of 
fourth generation single-crystal nickel-based superalloys. Journal of metals, 2006. 58(1): p. 
43-46. 
8. Pint, B.A., K.L. More, and I.G. Wright, The Use of Two Reactive Elements to Optimize 
Oxidation Performance of Alumina-Forming Alloys. Materials at High Temperatures, 2003. 
20(3): p. 375-386. 
9. Pint, B.A., Optimization of reactive-element additions to improve oxidation performance of 
alumina-forming alloys. Journal of American Ceramic Society, 2003. 86(4): p. 686-695. 
10. Nijdam, T.J. and W.G. Sloof, Effect of reactive element oxide inclusions on the growth kinetics 
of protective oxide scales. Acta Materialia, 2007. 55: p. 5980-5987. 
11. Harris, K. and J.B. Wahl. Improved single crystal superalloys, CMSX-4(SLS)[La+Y] and CMSX-
486. in Superalloys 2004. 2004. Seven Springs: TMS (The Minerals, Metal, & Materials 
Society). 
12. Opila, E.J., Volatility of common protective oxides in high-temperature water vapor: Current 
understanding and unanswered questions. Materials Science Forum, 2004. 461-464: p. 765-
773. 
13. Opila, E.J., J.S. Smialek, R.C. Robinson, D.S. Fox, and N.S. Jacobson, SiC recession caused by 
SiO2 scale volatility under combustion conditions: II, Thermodynamics and gaseous-diffusion 
model. Journal of the American Ceramic Society, 1999. 82(7): p. 1826-1834. 





14. Gobel, M., A. Rahmel, and M. Schutze, The isothermal-oxidation behavior of several nickel-
base single-crystal superalloys with and without coatings. Oxidation of Metals, 1993. 39: p. 
231-261. 
15. Gobel, M., A. Rahmel, and M. Schutze, The cyclic-oxidation behavior of several nickel-base 
single-crystal superalloys without and with coatings. Oxidation of Metals, 1994. 41: p. 271-
300. 
16. Smith, M.A., W.E. Frazier, and B.A. Pregger, Effect of sulfur on the cyclic oxidation behavior of 
a single crystalline, nickel-base superalloy. Materials science & engineering. A, Structural 
materials: properties, microstructure and processing, 1995. 203(1-2): p. 388-398. 
17. Akhtar, A., M.S. Hook, and R.C. Reed, On the oxidation of the third-generation single-crystal 
superalloy CMSX-10. Metallurgical and Materials Transactions A, 2005. 36A: p. 3001-3017. 
18. Pint, B.A., J.R. DiStefano, and I.G. Wright, Oxidation Resistance: One Barrier to Moving 
Beyond Ni-base Superalloys. Material Science and Engineering A, 2006. 415: p. 255-263. 
19. Pfennig, A. and B. Fedelich, Oxidation of single crystal PWA 1483 at 950 oC in flowing air. 
Corrosion Science, 2008. 50(9): p. 2484-2492. 
20. John A. Nychka, D.R. Clarke., Gerald H. Meier, Spallation and transient oxide growth on PWA 
1484 superalloy. Materials Science & Engineering A, 2008. 490: p. 359-368. 
21. C.T. Liu, J. Mao, and X.F. Sun, Oxidation behavior of a single-crystal Ni-base superalloy 
between 900 and 1000C in air. Journal of alloys and compounds, 2010. 491: p. 522-526. 
22. Hu, L., D.B. Hovis, and A.H. Heuer, Transient oxidation of a Ni-28Cr-11Al alloy. Oxidation of 
Metals, 2010. 73(1-2): p. 275-288. 
23. Zheng, L., M. Zhang, and J. Dong, Oxidation behavior and mechanism of powder metallurgy 
Rene95 nickel based superalloy between 800 and 1000oC. Applied Surface Science, 2010. 
256(24): p. 7510-7515. 
24. Giggins, C.S. and F.S. Pettit, Oxidation of Ni-Cr-AI alloys between 1000oC and 1200oC. Journal 
of the Electrochemical Society 1971. 118(11): p. 1782. 
25. Pettit, F.S., Oxidation mechanisms of nickel-aluminium alloys at temperatures between 900C 
and 1300C. Transactions AIME, 1967. 239: p. 1297-1305. 
26. Wallwork, G.R. and A.Z. Hed, Some limiting factors in use of alloys at high temperatures. 
Oxidation of Metals, 1971. 3(2): p. 171-&. 
27. Giggins, C.S. and F.S. Pettit, Oxidation of Ni-Cr-Al alloys between 1000oC and 1200oC. Journal 
of the Electrochemical Society, 1971. 118(11): p. 1782-&. 
28. Nijdam, T.J., L.P.H. Jeurgens, and W.G. Sloof, Effect of partial oxygen pressure on the initial 
stages of high-temperature oxidation of gamma-NiCrAl alloys. Materials at High 
Temperatures, 2003. 20(3): p. 311-318. 
29. Jo, T., S.H. Kim, D.G. Kim, J. Park, and Y. Kim, Thermal degradation behavior of Inconel 617 
alloy. Metals and Materials International, 2008. 14(6): p. 739-743. 





30. Kofstad, P., ed. High temperature corrosion. 1988, Elsevier Applied Science. 
31. Wallwork, G.R., Oxidation of alloys. Reports on progress in physics, 1976. 39(5): p. 401-485. 
32. Duval, A., F. Miserque, M. Tabarant, and A. Gedeon, Influence of the oxygen partial pressure 
on the oxidation of Inconel 617 alloy at high temperature. Oxidation of Metals, 2010. 74(5-6): 
p. 215-238. 
33. Ellingham, H.J.T., Journal of the Society of Chemical Industry, 1944. 63: p. 125. 
34. Grabke, H.J., Oxidation of NiAl and FeAl. Intermetallics, 1999. 7(10): p. 1153-1158. 
35. Evans, H.E., Stress effects in high-temperature oxidation of metals. International materials 
reviews, 1995. 40(1): p. 1-40. 
36. Donaldson, A.T. and H.E. Evans, Oxidation-induced creep in zircaloy-2 III. The average stress 
in the oxide layer. Journal of nuclear materials, 1981. 99(1): p. 57-65. 
37. Evans, H.E., Cracking and spalling of protective oxide layers. Materials science & engineering. 
A, Structural materials: properties, microstructure and processing, 1989. 120: p. 139-146. 
38. Evans, H.E., Spallation of oxide from stainless-steel AGR nuclear-fuel caldding - mechanisms 
and consequences. Materials Science and Technology, 1988. 4(5): p. 415-420. 
39. Evans, H.E. and R.C. Lobb, Conditions for the initiation of oxide scale cracking and spallation. 
Corrosion Science, 1984. 24(3): p. 209-222. 
40. Funkenbusch, A.W., J.G. Smeggil, and N.S. Bornstein, Reactive element - sulfur interaction 
and oxide scale adherence. Metallurgical transactions. A, Physical metallurgy and materials 
science, 1985. 16(6): p. 1164-1166. 
41. Lees, D.G., On the reasons for the effects of dispersions of stable oxides and additions of 
reactive elements on the adhesion and growth-mechanisms of chromia and alumina scales - 
the sulfur effect. Oxidation of Metals, 1987. 27(1-2): p. 75-81. 
42. Lee, W.Y., Y. Zhang, I.G. Wright, B.A. Pint, and P.K. Liaw, Effects of sulfur impurity on the 
scale adhesion behavior of a desulfurized Ni-based superalloy aluminized by chemical vapor 
deposition. Metallurgical and materials transactions. A, Physical metallurgy and materials 
science, 1998. 29(3): p. 833-841. 
43. Smialek, J.L., D.T. Jayne, J.C. Schaeffer, and W.H. Murphy, Effects of hydrogen annealing, 
sulfur segregation and diffusion on the cyclic oxidation resistance of superalloys - A review. 
Thin Solid Films, 1994. 253(1-2): p. 285-292. 
44. Smialek, J.L., Effect of sulfur removal on Al2O3 scale adhesion. Metallurgical transactions. A, 
Physical metallurgy and materials science, 1991. 22(3): p. 739-752. 
45. Sarioglu, C., C. Stinner, J.R. Blachere, N. Birks, and F.S. Pettit, The control of sulfur content in 
nickel-base, single crystal superalloys and its effects on cyclic oxidation resistance, 
SUPERALLOYS 1996. 1996. p. 71-80. 
46. Hou, P.Y., Segregation behavior at TGO/bondcoat interfaces. Journal of Materials Science, 
2009. 44(7): p. 1711-1725. 





47. Hou, P.Y. and K. Priimak, Interfacial segregation, pore formation, and scale adhesion on NiAl 
alloys. Oxidation of Metals, 2005. 63(1-2): p. 113-130. 
48. Smialek, J.L., The effect of hydrogen annealing on the impurity content of alumina-forming 
alloys. Oxidation of Metals, 2001. 55(1-2): p. 75-86. 
49. Hou, P.Y. and R.M. Cannon, Spallation behavior of thermally grown nickel oxide on nickel. 
Oxidation of Metals, 2009. 71(5-6): p. 237-256. 
50. Sigler, D.R., The influence of sulfur on adherence of Al2O3 grown on Fe-Cr-Al alloys. Oxidation 
of Metals, 1988. 29(1-2): p. 23-43. 
51. Hou, P.Y., Impurity effects on alumina scale growth. Journal of the American Ceramic Society, 
2003. 86(4): p. 660-668. 
52. Pfeil, L.B. 1937: U.K. 
53. Whittle, D.P. and J. Stringer, Improvements in high temperature oxidation resistance by 
adding of reactive elements or oxide dispersions. Phil. Trans. R. Soc. Lond., 1980. A295: p. 
309. 
54. Pint, B.A., A.J. Garrett-Reed, and L.W. Hobbs. The effect of a Zr alloy addition on the 
oxidation behaviour of β-NiAl: The transition from benefit to breakdown. in The 2nd 
International Conference on the Microscopy of Oxidation. 1993. Selwyn College, University of 
Cambridge, Cambridge: The Institute of Materials, London, UK. 
55. Pint, B.A. and L.W. Hobbs, The Formation of α-Al203 Scales at 1500
oC. Oxidation of Metals, 
1994. 41: p. 203-233. 
56. Clemens, D., K. Bongartz, W. Speier, R.J. Hussey, and W.J. Quadakkers, Analysis and 
modeling of transport processes in alumina scales on high-temperature alloys. Fresenius' 
journal of analytical chemistry, 1993. 346(1-3): p. 318-322. 
57. Quadakkers, W.J., K. Schmidt, H. Grubmeier, and E. Wallura, Composition, structure and 
protective properties of alumina scales on iron-based oxide dispersion strengthend alloys. 
Materials at High Temperatures, 1992. 10(1): p. 23-32. 
58. Kuenzly, J.D. and D.L. Douglass, Oxidation mechanism of Ni3Al containing yttrium. Oxidation 
of Metals, 1974. 8(3): p. 139-178. 
59. Pint, B.A., K.L. More, and I.G. Wright, Effect of Quaternary Additions on the Oxidation 
Behavior of Hf-Doped NiAl. Oxidation of Metals, 2003. 59(3-4): p. 257-283. 
60. Tolpygo, V.K. and H.J. Grabke, The Effect of Impurities on the Alumina Scale Growth : An 
Alternative View. Scripta Meterialia, 1998. 38(1): p. 123-129. 
61. Pint, B.A., Experimental Observations in Support of the Dynamic-Segregation Theory to 
Explain the Reactive-Element Effect. Oxidation of Metals, 1996. 45(1/2): p. 1-37. 
62. Przybylski, K., A.J. Garrett-Reed, B.A. Pint, E.P. Katz, and G.Y. Yurek, Segregation of Y to Grain 
Boundaries in the Al2O3 Scale Formed on ODS Alloy. Journal of the Electrochemical Society, 
1987. 134: p. 3207. 





63. Yang, J.C., K. Nadarzinski, E. Schumann, and M. Ruhle, Electron Microscopy Studies of 
NiAl/Gamma-Alumina Interfaces. Scripta Meterialia, 1995. 33: p. 1043-1048. 
64. Ishii, K., M. Kohno, and S. Ishikawa, Effect of rare-earth elements on high-temperature 
oxidation resistance of Fe-20Cr-5Al alloy foils. Materials Transactions, JIM, 1997. 38(9): p. 
787-792. 
65. T.A. Ramanarayanan, M.R., and R. Petkovic-Luton, Metallic yttrium additions to high-
temperature alloys: Influence on Al2O3 scale properties. Oxidation of Metals, 1984. 22: p. 83-
100. 
66. Sigler, D.R., Adherence behavior of oxide grown in air and synthetic exhaust gas on Fe-Cr-Al 
alloys containing strong sulfide-forming elements: Ca, Mg, Y, Ce, La, Ti, and Zr. Oxidation of 
Metals, 1993. 40(5/6): p. 555-583. 
67. Pint, B.A., J.R. Martin, and L.W. Hobbs, 18O/SIMS characterization of the growth mechanism 
of doped and undoped α-Al2O3. Oxidation of Metals, 1993. 39(3/4): p. 167-195. 
68. Jedlinski, J., A. Bernasik, M.J. Graham, D.F. Mitchell, G.I. Sproule, and G. Borchardt, A 
combined approach: Isotopic exposure/SIMS analysis/SEM to study the early stages of 
oxidation of β-NiAl at 1473K. Materials and Corrosion, 1995. 46(5): p. 297-305. 
69. Prescott, R., D.F. Mitchel, and M.J. Graham. A SIMS Study of the Effect of Y and Zr on the 
Growth of Oxide on β-NiAl. in 2nd International Conference of Microscopy of Oxidation. 1993: 
p. 455-462. 
70. Tolpygo, V.K. and D.R. Clarke, Microstructural evidence for counter-diffusion of aluminum 
and oxygen during the growth of alumina scales. Materials at High Temperatures, 2003. 
20(3): p. 261-271. 
71. Antill, J.E., M.J. Bennett, R.F.A. Carney, G. Dearnaley, and F.H. Fern, Effect of surface 
implantation of yttrium and cerium upon oxidation behavior of stainless-steels and 
aluminized coatings as high-temperatures. Corrosion Science, 1976. 16(10): p. 729-745. 
72. Collins, R.A., S. Muhl, and G. Dearnaley, Effects of rare-earth impurities on the oxidation of 
chromium. Journal of physics F. Metal physics, 1979. 9(7): p. 1245-1259. 
73. Pivin, J.C., C. Roquescarmes, J. Chaumont, and H. Bernas, The influence of yttrium 
implantation on the oxidation behavior of 67Ni-33Cr, Fe-43Ni-27Cr and Fe-41Ni-25Cr-10Al 
refractory alloys. Corrosion Science, 1980. 20(8-9): p. 947-962. 
74. Galerie, A., M. Caillet, and M. Pons, Oxidation of ion-implanted metals. Materials science and 
engineering, 1985. 69(2): p. 329-340. 
75. Hou, P.Y. and J. Stringer, The influence of ion-implanted yttrium on the selective oxidation of 
chromium in Co-25wt.%Cr. Oxidation of Metals, 1988. 29(1-2): p. 45-73. 
76. Przybylski, K., The influence of implanted yttrium on the oxidation properties of a Co-25Cr-1Al 
alloy. Materials science & engineering. A, Structural materials: properties, microstructure 
and processing, 1989. 120: p. 509-517. 





77. Cotell, C.M., G.J. Yurek, R.J. Hussey, D.F. Mitchell, and M.J. Graham, The influence of grain-
boundary segregation of Y in Cr2o3 on the oxidation of Cr metal. Oxidation of Metals, 1990. 
34(3-4): p. 173-200. 
78. Jedlinski, J. and S. Mrowec, The influence of implanted yttrium on the oxidation behavior of 
-NiAl. Materials science and engineering, 1987. 87(1-2): p. 281-287. 
79. Stmrowec, A. Gil, and A. Jedlinski, The effect of certain reactive elements on the oxidation 
behavior of chromia forming and alumina forming alloys. Materials and Corrosion, 1987. 
38(10): p. 563-574. 
80. Jedlinski, J., G. Borchardt, and S. Mrowec, The influence of reactive elements on the 
degradation of commercial Fe-23Cr-5Al alloys at high-temperatures. Materials and Corrosion, 
1990. 41(12): p. 701-709. 
81. Quadakkers, W.J., J. Jedlinski, K. Schmidt, M. Krasovec, and G. Borchardt, The effect of 
implated yttrium on the growth and adherence of alumina scales on Fe-20Cr-5Al. Applied 
Surface Science, 1991. 47(3): p. 261-272. 
82. Smeggil, J.G. and A.J. Shuskus, The oxidation behavior of some FeCrAlY, FeCrAl, and yttrium-
implanted FeCrAl alloys compared and contrasted. Journal of vacuum science & technology. 
A. Vacuum, surfaces, and films, 1986. 4(6): p. 2577-2582. 
83. Bennett, M.J., M.R. Houlton, and G. Dearnaley, Influence of the surface ion-implantation of 
aluminu and yttrium upon the oxidation behavior of a Fe-15%Cr-4%Al FeCr alloys stainless-
steel in air at 1000oC. Corrosion Science, 1980. 20(1): p. 69-72. 
84. Cotell, C.M., M.J. Bennett, A.J. Garrattreed, W.A.T. Clark, U. Dahmen, and C.L. Briant, Effects 
of cation segregation at oxide grain-boundaries on grain-boundary diffusion and oxidation-
kinetics of nickel, Structure and Properties of Interfaces in Materials, 1992. 238: p. 439-444. 
85. Pint, B.A. and L.W. Hobbs, Limitations on the use of ion-implantation for the study of the 
reactive element effect in beta-NiAl. Journal of the Electrochemical Society, 1994. 141(9): p. 
2443-2453. 
86. Mason, R.P. and N.J. Grant, Creep-behavior of an oxide-dispersion-strengthened Ni3Al-based 
alloy. Materials science & engineering. A, Structural materials: properties, microstructure 
and processing, 1995. 192: p. 741-747. 
87. Michels, H.T., Oxidation of oxide dispersion strengthened Ni-15Cr-5Al alloys. Metallurgical 
transactions. A, Physical metallurgy and materials science, 1978. 9(6): p. 873-878. 
88. Pint, B.A., A.J. Garrattreed, and L.W. Hobbs, The reactive element effect in commercial ODS 
FeCrAl alloys. Materials at High Temperatures, 1995. 13(1): p. 3-16. 
89. Luthra, K.L. and E.L. Hall, High-temperature oxidation of Ni-20Cr-12.5Al coatings containing 1% 
dispersed oxides. Oxidation of Metals, 1986. 26(5-6): p. 385-396. 
90. Mignone, A., S. Frangini, A.L. Barbera, and O. Tassa, High temperature corrosion of B2 iron 
aluminides. Corrosion Science, 1998. 40(8): p. 1331-1347. 





91. Patibandla, N., T.A. Ramanarayanan, and F. Cosandey, Effect of ion-implanted cerium on the 
growth-rate of chromia scales on Ni-Cr alloys. Journal of the Electrochemical Society, 1991. 
138(7): p. 2176-2184. 
92. Ishii, K. and S. Taniguchi, Effect of La and Hf additions on the high-temperature oxidation 
resistance of high-purity Fe-20Cr-5Al alloy foils. Oxidation of Metals, 2000. 54(5-6): p. 491-
508. 
93. Doychak, J. and M. Ruhle, TEM study of oxidized NiAl and Ni3Al cross sections. Oxidation of 
Metals, 1989. 31(5/6): p. 431-452. 
94. Choquet, P. and R. Mevrel, Microstructure of alumina scales formed on NiCoCrAl alloys with 
and without yttrium. Materials science & engineering. A, Structural materials: properties, 
microstructure and processing, 1989. 120: p. 153-159. 
95. Quadakkers, W.J., H. Holzbrecher, K.G. Briefs, and H. Beske, Differences in growth 
mechanisms of oxide scales formed on ODS and conventional wrought alloys. Oxidation of 
Metals, 1989. 32(1-2): p. 67-88. 
96. Versaci, R.A., D. Clemens, W.J. Quadakkers, and R. Hussey, Distribution and transport of 
yttrium in alumina scales on iron-base ODS alloys. Solid State Ionics, 1993. 59(3-4): p. 235-
242. 
97. Reddy, K.P.R., J.L. Smialek, and A.R. Cooper, O-18 tracer studies of Al2O3 scale formation on 
NiCrAl alloys. Oxidation of Metals, 1982. 17(5-6): p. 429-449. 
98. Basu, S.N. and J.W. Halloran, Tracer isotope distribution in growing oxide scales. Oxidation of 
Metals, 1987. 27(3-4): p. 143-155. 
99. Whittle, D.P. and J. Stringer, Improvements in high-temperature oxidation resistance by 
additions of reactive elements or oxide dispersions. Philosophical transactions - Royal Society. 
Mathematical, Physical and engineering sciences, 1980. 295(1413): p. 309-+. 
100. Michels, H.T., Effect of dispersed reactive metal-oxides on oxidation resistance of Ni-20wt%Cr 
alloys. Metallurgical transactions. A, Physical metallurgy and materials science, 1976. 7(3): p. 
379-388. 
101. Ramanarayanan, T.A. and R. Petkovicluton, Investigations on the growth mechanisms of -
Cr2O3 on Ni-base alloys with and without Y2O3 dispersions. Berichte der Bunsengesellschaft 
für Physikalische Chemie, 1985. 89(4): p. 402-409. 
102. Przybylski, K. and G.J. Yurek, The influence of implanted yttrium on the microstructures of 
chromia scales formed on a Co-45wt.%Cr alloy. Journal of the Electrochemical Society, 1988. 
135(2): p. 517-523. 
103. Nagelberg, A.S. and R.W. Bradshaw, Chemical characterization of complex oxide products on 
titanium-enriched 310SS. Journal of the Electrochemical Society, 1981. 128(12): p. 2655-
2659. 
104. Clarke, D.R. and C.G. Levi, Materials design for the next generation thermal barrier coatings. 
Annual review of materials research, 2003. 33: p. 383-417. 





105. Wright, I.G. and B.A. Pint, Bond coating issues in thermal barrier coatings for industrial gas 
turbines. Proceedings of the Institution of Mechanical Engineers; Part A; Journal of Power 
and Energy, 2005. 219(A2): p. 101-107. 
106. Hinnemann, B. and E. Carter, Adsorption of Al, O, Hf, Y, Pt, and S atoms on -Al2O3(0001). 
The journal of physical chemistry. C, 2007. 111(19): p. 7105-7126. 
107. Milas, I., B. Hinnemann, and E. Carter, Diffusion of Al, O, Pt, Hf, and Y atoms on alpha-
Al2O3(0001): implications for the role of alloying elements in thermal barrier coatings. Journal 
of Materials Chemistry, 2011. 21(5): p. 1447-1456. 
108. Newcomb, S.B. and M.J. Bennett,  AEM Study of the Duplex Scale Formed on an ODS Ni3Al 
Alloy. Microscopy of Oxidation 2. 1993, Institute of Materials: London, U.K. 423-434. 
109. Pint, B.A., A.J.G. Reed, and L.W. Hobbs, Analytical electron-microscopy study of the 
breakdown of alpha-Al(2)O(3) scales formed on oxide dispersion-strengthened alloys. 
Oxidation of Metals, 2001. 56(1-2): p. 119-145. 
110. Bestor, M.A., J.P. Alfano, and M.L. Weaver, Influences of chromium and hafnium additions on 
the microstructures of beta-NiAl coatings on superalloy substrates. Intermetallics, 2011. 
19(11): p. 1693-1704. 
111. Unocic, K.A., C.M. Parish, and B.A. Pint, Characterization of the alumina scale formed on 
coated and uncoated doped superalloys. Surface & Coatings Technology, 2011. 206(7): p. 
1522-1528. 
112. Matthew T. Johnson, S.R.G., and C. Barry Carter, Use of Pt markers in the study of solid-state 
reactions in the presence of an electric field. Microscopy and microanalysis, 1998. 4: p. 158-
163. 
113. Young, E.W.A. and J.H.W.de Wit, An 18O Tracer Study on the Growth Mechanism of Alumina 
Scales on NiAl and NiAl-Y Alloys. Oxidation of Metals, 1986. 26(5/6): p. 351-361. 
114. Czerwinski, F., On the use of the micromarker technique for studying the growth mechanism 
of thin oxide films. Acta Materialia, 2000. 48: p. 721-733. 
115. Jedlinski, J., The Use of the 18O2-Exposure + SIMS-based Approach to Investigate the 
Spallation Mechanisms of Alumina Scales. Materials and Corrosion, 2006. 57(2): p. 185-191. 
116. Graham, M.J., The Application of Surface Techniques in Understanding Corrosion Phenomena 
and Mechanisms. Corrosion Science, 1995. 37(9): p. 1377-1397. 
117. Graham, M.J. and R.J. Hussey, Analytical Techniques in High Temperature Corrosion. 
Oxidation of Metals, 1995. 44(1/2): p. 329-374. 
118. Graham, M.J. and R.J. Hussey, Characterization and Growth of Oxide Films. Corrosion Science, 
2002. 44: p. 319-330. 
119. Prescott, R. and M.J. Graham, The Formation of Aluminium Oxide Scales on High-
Temperature Alloys. Oxidation of Metals, 1992. 38(3/4): p. 233-254. 





120. Chevalier, S., G. Strehl, J. Favergeon, F. Desserrey, and S. Weber, Use of oxygen isotope to 
study the transport mechanism during high temperature oxide scale growth. Materials at 
High Temperatures, 2003. 20(3): p. 253-259. 
121. Jedlinski, J. and G. Borchardt, On the Oxidation Mechanism of Alumina Formers. Oxidation of 
Metals, 1991. 36(3/4): p. 317-337. 
122. Atkinson, A., R.I. Taylor, and P.D. Goode, Transport Processes in the Oxidation of Ni Studied 
Using Tracers in Growing NiO Scales. Oxidation of Metals, 1979. 13(6): p. 519-543. 
123. Young, E.W.A. and J.H.W. de Wit, An O-18 tracer study on the growth-mechanism of alumina 
scales on NiAl and NiAlY alloys. Oxidation of Metals, 1986. 26(5-6): p. 351-361. 
124. Harris, A.W. and A. Atkinson, Oxygen transport in growing nickel oxide scales. Oxidation of 
Metals, 1990. 34(3/4): p. 229-258. 
125. Tsai, S.C., A.M. Huntz, and C. Dolin, Diffusion of O-18 in massive Cr2O3 and in Cr2O3 scales at 
900oC and its relation to the oxidation-kinetics of chromia forming alloys. Oxidation of 
Metals, 1995. 43(5-6): p. 581-596. 
126. Czerwinski, F., G.I. Sproule, M.J. Graham, and W.W. Smeltzer, An 18O-SIMS Study of Oxide 
Growth on Nickel Modified with Ce Implants and CeO2 Coatings. Corrosion Science, 1995. 
37(4): p. 541-556. 
127. Chevalier, S., G. Bonnet, P. Fielitz, G. Strehl, S. Weber, G. Borchardt, J.C. Colson, and J.P. 
Larpin, Effects of a reactive element on isothermal and cyclic oxidation of chromia-forming 
alloys: SEM/EDX, TEM and SIMS investigation. Materials at High Temperatures, 2000. 17(2): 
p. 247-256. 
128. Chevalier, S., C. Nivot, and J.P. Larpin, Influence of reactive element oxide coatings on the 
high temperature oxidation behavior of alumina-forming alloys. Oxidation of Metals, 2004. 
61(3-4): p. 195-217. 
129. Alibhai, A.A., R.J. Chater, D.S. McPhail, and B.A. Shollock, Use of isotopic tracers and SIMS 
analysis for evaluating the oxidation behaviour of protective coatings on nickel based 
superalloys. Applied Surface Science, 2003. 203: p. 630-633. 
130. Atkinson, A., R.J. Chater, and R. Rudkin, Oxygen diffusion and surface exchange in 
La0.8Sr0.2Fe0.8Cr0.2O3- under reducing conditions. Solid State Ionics, 2001. 139(3-4): p. 233-240. 
131. Chakraborty, B.R., S.K. Halder, K.K. Maurya, A.K. Srivastava, and V.K. Toutam, Evaluation of 
depth distribution and characterization of nanoscale Ta/Si multilayer thin film structures. 
Thin Solid Films, 2012. 520(20): p. 6409-6414. 
132. Vickerman, J.C. and D. Briggs, ToF-SIMS : Surface analysis by mass spectrometry. 2003, 
Chichester, UK: IMPublications. 
133. Lyon, I., T. Henkel, and D. Rost, Formation of Si-m(+) and SimCn+ clusters by C-60(+) 
sputtering of Si. Applied Surface Science, 2010. 256(21): p. 6480-6487. 
134. Chevalier, S., K. Przybylski, G. Borchardt, and J.P. Larpin, Role of minor element addition in 
the formation of thermally grown alumina scales. Materials Science Forum, 2004. 461-464: p. 
53-60. 





135. Pathangey, B., A. Proctor, Z. Wang, Z. Fu, and R. Tanikella, Application of TOFSIMS for 
contamination issues in the assembly world. IEEE Transactions on Device and Materials 
Reliability, 2007. 7(1): p. 11-18. 
136. Briggs, D., M.J. Hearn, I.W. Fletcher, A.R. Waugh, and B.J. McIntosh, Charge compensation 
and high-resolution ToF SIMS imaging of insulating materials. Surface and Interface analysis, 
1990. 15(1): p. 62-65. 
137. Swift, A.J., Surface-analysis of corrosion-inhibitor films by XPS and ToF SIMS. Mikrochimica 
acta, 1995. 120(1-4): p. 149-158. 
138. Sabata, A., W.J. Vanooij, and R.J. Koch, Tthe interphase in painted metals pretreated by 
functional silanes. Journal of adhesion science and technology, 1993. 7(11): p. 1153-1170. 
139. Mao, A.Y., K.A. Son, D.A. Hess, L.A. Brown, and J.M. White, Annealing ultra thin Ta2O5 films 
deposited on bare and nitrogen passivated Si(100). Thin Solid Films, 1999. 349(1-2): p. 230-
237. 
140. Park, H.J., A. Mao, D.L. Kwong, and J.M. White, Interfacial silicon oxide formation during 
oxygen annealing of Ta2O5 thin films on Si: Oxygen isotope labeling. Journal of vacuum 
science & technology. A. Vacuum, surfaces, and films, 2000. 18(5): p. 2522-2526. 
141. Zhang, W., S.H. Brongersma, T. Conard, W. Vandervorst, and K. Maex. Impurity 
determination in narrow copper lines, ADVANCED METALLIZATION CONFERENCE 2004 (AMC 
2004). 2004: p 347-352. 
142. Gorodokin and D. Zemlyanov. Metallic contamination in silicon processing2004 23RD IEEE 
CONVENTION OF ELECTRICAL AND ELECTRONICS ENGINEERS IN ISRAEL, PROCEEDINGS. 2004: 
p. 157-160. 
143. Lee, J.J., T. Guenther, R. Brownson, and S. Frezon. TOFSIMS characterization of molecular 
contamination induced resist scumming CHARACTERIZATION AND METROLOGY FOR ULSI 
TECHNOLOGY: 2003 International Conference on Characterization and Metrology for ULSI 










CHAPTER 3: EXPERIMENTAL PROCEDURE 
 
 
This chapter describes in detail the experimental techniques and procedures employed 
in this study. First, the alloy used for this study is mentioned, and this is followed by a 
description of the metallographic preparation technique for the oxidation experiments. The 
subsequent oxidation process using an oxygen isotope exchange experiments is then 
described. After oxidation tests, the samples were analyzed using a field emission gun 
scanning electron microscopy (FEG-SEM) equipped with energy dispersive X-ray 
spectroscopy (EDX) for surface morphology and chemical composition of the oxidized 
samples. For the further investigation of the oxides, focused ion beam-secondary ion mass 
spectrometry (FIB-SIMS) and transmission electron microscopy (TEM) were conducted. To 
understand the oxidation mechanism for CMSX-4 alloy, time-of-flight-secondary ion mass 
spectroscopy (ToF-SIMS) was used on tapered oxide scales. 
 
3.1 Sample Preparation 
The superalloy used in this study is the second generation single-crystal nickel-base 
superalloy CMSX-4. In order to investigate the effect of reactive elements on high-
temperature oxidation behaviour, approximately 30 ppm of lanthanum was added to CMSX-
4 base alloys by Canon Muskegon Corporation (Michigan, USA). The composition of the 
base metal is shown in Table 3.1. Buttons with a diameter of 10 mm and a thickness of 3 
mm were prepared by spark erosion from fully heated treated single crystal rods of the 
doped and un-doped alloy, each having the preferred nominal <001> direction. The button 
surface was ground with a series of silicon carbide papers with increasing mesh-size 
(ranging from #200 to #4000). Then, the ground samples were polished with micro-cloth 





containing OP-S colloidal silica suspension (Struers Co.) to achieve a highly polished 
surface. The roughness of the sample surface after final polishing, measured using a white 
light interference microscope (ZYGO) was 1.5 µm (Ra). The polished samples were 
thoroughly cleaned with acetone then ethyl alcohol in an ultrasonic cleaner for a minimum of 
20 minutes and were then dried by blowing with compressed air. 
Table 3.1 Composition of single-crystal nickel-base superalloy CMSX-4 with and without 
doping of reactive elements. 
 Ni Co Cr Al Ti W Ta Re Hf La 
Composition 
(Atomic %) 
63.7 9.3 7.6 12.6 1.3 2.0 2.2 1.0 0.03 - 
Composition 
(Weight %) 




3.2 Two-Stage Oxidation Experiment 
In order to examine oxide growth mechanisms, a two-stage oxidation experiment was 
carried out using tracer isotopic oxygen 18O2 at a temperature of 1100 °C at a pressure of 
0.2 atm.  Prior to the oxidation test, the exact temperature profile of the furnace and the 
reaction tube was measured to calibrate the temperature for oxidation. The surface 
roughness was measured using a white light interference microscope to examine the change 
of roughness due to the formation of oxide during heating under specific partial oxygen 
pressures. 
 
3.2.1 Heating and Cooling Rate 
Temperature calibration 
The system used for the oxidation experiments and the isotopic exposures consists of a 
quartz tube with a movable horizontal tube furnace with a maximum working temperature of 





1200°C; the quartz tube serves as a reaction chamber. Prior to the oxidation experiments, 
the temperature profile in the reaction tube was calibrated to determine the position of the 
furnace to achieve the target temperature. First, the set temperature on the furnace 
controller was increased in 10°C steps from 1000 °C to 1140°C; simultaneously, the actual 
temperature of inner reaction tube was measured using a K-type thermocouple. When the 
measured temperature reached a steady state, the set temperature was noted and then 
stepped up to the next setting. Table 3.2 shows the set and actual temperature values 
acquired through the calibration experiment. The difference between the set and real values 
was 30.5 °C and 34.3 °C at a set value of 1000 °C and 1140 °C, respectively (Figure 3. 1). 
The difference was larger at high temperatures. The oxidation temperature of 1100 °C was 
determined by interpolating to a set value of 1135 °C.  In all cases, the heated furnace was 
moved to the location of the sample position for the calibrated hot zone and locked into 
position to avoid potential movement away from the calibrated temperature. Both ends of 
furnace were sealed with fibre cotton for insulation.          
Table 3.2 Set and real temperature values of the furnace for calibration. 
Setting value (°C) Real value (°C) Setting value (°C) Real value (°C) 
1000 969.5 1080 1048.0 
1010 980.2 1100 1067.2 
1020 990.1 1110 1076.9 
1030 999.9 1120 1086.6 
1050 1019.2 1130 1096.2 
1060 1028.8 1140 1105.7 
1070 1038.5   
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The oxidation study on CMSX-4 with the lanthanum addition was performed at a 
temperature of 1100 °C. The temperature was chosen to avoid the formation of meta-stable 
transitional alumina (θ- or  – Al2O3). The transitional alumina phase primarily forms 
depending on the oxidation temperature, Figure 3.2 [1], and, the excellent oxidation 
resistance of alumina-forming superalloys at high temperature are acquired by the formation 
of a stable, slow-growing, and adherent α-alumina. Some transitional alumina phases, 
however, are formed depending on various parameters such as temperature and time. The 
existence of θ-alumina increased the oxidation rate in the initial stage and the θ-alumina 
converted into α-alumina at a later stage [2]. 






Figure 3.2 Schematic diagram of the time-temperature-transformation of alumina formed on 
the β -NiAl alloys under high temperature oxidation [1]. 
 
The temperature for oxidation was rapidly raised to 1100 °C through the insertion of the 
reaction tube into the furnace held at the oxidation temperature. The temperature reached 
the target temperature (1100 °C) within 5 minutes after the tube insertion, as measured by a 
thermocouple placed 2 mm from the samples in the tube. The temperature profile during 
heating is presented in Figure 3.3. 
























Figure 3.3 The real temperature profile during heating. 







After thermal exposure for pre-determined times, cooling down was performed by 
furnace cooling using the power-off procedure to minimise thermal shock due to rapid 
cooling. The furnace power-off cooling took about 10 hours to reach room temperature. 
Figure 3.4 shows the cooling curve with time from the power-off.  
In the experiments to evaluate the initial oxidation during sample heating, samples were 
cooled rapidly by rolling the furnace off the tube once the oxidation temperature was reached 
to minimise continued oxidation during cooling. In these cases, most of the surface oxide 
scale spalled away, making it difficult to examine the adherent scale to evaluate the 
oxidation behaviour of the alloy.  
























Figure 3.4 Measured cooling curve with furnace power-off after holding at a temperature of 
1100 °C. 
 





3.2.2 Operation Procedure for the Isotopic Exchange Furnace 
The equipment comprises of canisters storing pure 18O2 and 16O2 connected to the quartz 
reaction tube. The reaction tube is connected to a vacuum system containing a turbo pump 
to maintain a vacuum state. Also, gate valves are attached to the gas lines to allow control of 
the gaseous environment to achieve various oxygen partial pressures. Figure 3.5 shows a 
schematic diagram of the system for the two-stage isotopic oxidation experiments. 
 
 
Figure 3.5 A schematic diagram of oxygen exchange system for two-stage oxidation 
experiment adapted from [3]. 
 
For these experiments, the reaction quartz tube was evacuated by using the turbo pump. 
After reaching a vacuum of 2.0 x 10-7 mbar in the tube, the reaction tube was isolated to 
maintain the high vacuum state. When the temperature of the thermocouple reached the 
experimental temperature (1100°C), pure 16O2 was introduced into the tube at a partial 
pressure of 200 mbar. The oxidation test facility was left for the pre-determined oxidation 
time for stage one. After the first stage oxidation exposure, 16O2 was introduced into the 
quartz tube to a pressure of 1000 mbar to balance the pressure between the relatively low 
pressure in the quartz tube and the air, allowing the gate valve to release. Subsequently, the 





sample chamber was evacuated again to 2.0 x 10-7 mbar immediately after the release of 
the gate valve. The tracer oxygen 18O2 was then introduced into the sample chamber to a 
pressure of 200 mbar while maintaining the temperature at 1100°C. The oxygen exchange 
was carried out at under isothermal conditions to avoid potential spalling of the thermally 
grown oxide due to cooling. After completion of the second stage of the oxidation experiment, 
the tube furnace was turned off to allow slow cooling to minimizing thermal shock. After the 
temperature of the sample had reached room temperature, the enriched 18O2 gas in the 
reaction tube was recovered using a small molecular sieve pump. The reservoir canister of 
the gas was immersed in liquid nitrogen and held for some time to reduce the pressure 
within it and then the valve between the canister and the reaction tube was opened to allow 
transfer of 18O2 through the pressure difference after the completion of the oxidation 
experiment. Careful control of the valves between various part of the exchange rig is 
essential to ensure that the 18O2 is not lost to the outside atmosphere. 
The isotopic exchange experiments carried out in this study are summarized in the 
following section. 
 
3.2.3 Details of the Oxygen Isotope Exchange Experiments 
In the sequential two-stage oxidation experiments using the tracer oxygen isotope, 
samples were first exposed in pure oxygen environment (16O2) at a pressure of 200 mbar for 
a pre-determined duration, thus a first oxide was grown on the surface of the alloy. 
Subsequently, the samples were oxidized in a tracer isotope 18O2 gas at a partial pressure of 
200 mbar for a specified period; thereby, a new oxide was formed at the oxide-gas or oxide-
metal interface depending on the oxidation mechanism. In this series of oxidation 
experiments, 16O2 was introduced into the reaction chamber at a partial pressure of 200 
mbar (1100 °C) and then maintained for 12, 24, 48 and 96 hours respectively. After the 
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Table 3.3 Designed experimental sequence of two-stage oxidation performed on CMSX-4 





Duration of 1st 
Oxidation in 16O2 
(hours) 
Duration of 2nd 





















Generally, the tracer element 18O2 gas diluted with further use. So, periodic 
measurement of the 18O2 gas concentration was conducted during the study as the level of 
18O2 gas decreased after each time of use. Therefore, measurement of the level of 18O2 gas 
was carried out before and after the oxidation experiments.  During the course of this work, 
the level of 18O2 in the 16O2 and 18O2 mixture remained at approximately 18%. In order to get 
a sufficient signal of the negative ion of 18O- during the SIMS analysis, the samples in the 
second stage of the isotopic exchange experiment were exposed for 24 hours in the 18O2 
enriched environment. 
 
Considerations for the use of the two-stage oxidation 
For the study of oxidation mechanisms, a two-stage oxidation experiment using isotopic 
oxygen was coupled with SIMS analyses. Some useful and important comments on the two-
stage oxidation method have been made by Jedlinski [4]. 
 
The mass transportation in the oxide scales during the 2nd stage oxidation is a 
clue to the oxide growth mechanism using this method. In the case of a long 
duration first oxidation stage, the influence of the early stages of the oxidation 





behaviour in the first stage oxidation could be minimised. On the other hand, in 
the case of a long duration in the second stage, the interpretation of the 
experimental results could be made more difficult due to a change in the scale 
morphology and microstructure. Therefore, after each oxidation stage, 
characterisation of the oxide microstructure should be performed. 
- a key aspect to elucidating the transport mechanism is not only the distributions 
of 18O2 and the 16O2, but the relative distribution of the Ma(18O)b oxide(s) 
compared to that of Ma(16O)b (M=metal). 
- To prevent cracking and spallation of the oxide scale grown on the surface of 
alloy, cooling during the exchange of the oxygen isotopic environment must be 
avoided. 
 
3.2.5 Oxygen Partial Pressure Control 
In an attempt to elucidate the early stages of oxidation and the changes to the surface 
during heating to temperature, samples were heated to a temperature of 1135°C in various 
environments, under pure oxygen, argon, and vacuum. Before the exposures, the 
temperature of the hot zone was calibrated using a thermocouple as described in section 
3.2.1. The temperature difference between the set0 value and actual value was 15°C. 
Samples were placed in the centre of the quartz tube with a thermocouple 2 mm from the 
sample, then the tube was evacuated to 2 x 10-7 mbar. Pure oxygen gas was introduced into 
the tube to a pressure of 200 mbar. The oxygen-filled tube was heating by rolling on the 
heated furnace. The sample was rapidly heated in the oxygen environment (Figure 3.3). 
Rapid cooling was carried out as soon as the temperature reached 1135°C by the pulling the 
furnace off the tube. For the heating process in the argon environment, the tube was 
evacuated and filled with argon to a pressure of 200 mbar. In this case, the argon 
atmosphere was converted into a partial oxygen pressure (2 x 10-9 atm). In the third case, 





the tube was evacuated to a high vacuum (2 x 10-11 atm) and the samples were exposed as 
described as above.  
 
3.2.6 Surface Roughness Measurement 
Prior to the heating the samples, the surface roughness was measured to compare the 
values after heating in various environments. If there is a change in roughness value after 
tests, this suggests a reaction product formed on the surface during heating. Surface 
roughness was measured using interference microscopy (ZYGO) before and after heating. 
Measurement was carried out on a 1.4 mm x 1.4 mm area on each sample and was plotted 
in three-dimensions for an overall roughness distribution and in two-dimensions for a local 
roughness distribution. A representative roughness value for each sample was determined 
through a line profile of the roughness over the examined area and was shown as Ra in µm. 
Figure 3.8 shows images of the heated sample in oxygen. The vertical axis ranged from -1.0 
µm to +1.0 µm. The overall roughness value was within ± 1.0 µm based on the colour 




Figure 3.8 Surface roughness demonstrations acquired on a heated sample in oxygen in two- 
(left) and three-dimensions. 






3.2.7 Measurement of Surface Scale Thickness 
For the thickness measurement of each layer of surface scale, scale cross-sections with 
a width of 10 µm and a depth of 10 µm were prepared using focused ion beam milling on 
three different areas. Vertical lines with constant width of about 0.6 µm were drawn from the 
top surface to the bottom metal layer at seven locations on each milled cross-section (Figure 
3.9). The thickness of scales was acquired with an average value from measured 
thicknesses from each area. Some errors were contained in measured values; key errors 
included tilting of lightly adhered surface scale and irregularity of the interface of each layer, 




Figure 3.9 Back-scattered electron micrograph of milled cross-section of surface scale of 
undoped metal oxidized for 120 hours showing drawn lines for measuring 









3.3 SEM with EDX 
Samples from the two-stage oxidation experiments as well as the pO2 heating 
experiments were examined using SEM with EDX analysis. In addition to examining the 
surface morphology, cross-sections normal to the sample surface, as well as tapers, were 
prepared using focused ion beam milling to study both the near surface microstructure and 
compositional difference. 
 
3.3.1 FEG-SEM with EDX 
The microstructure of the surfaces and the cross-sections of the samples were examined 
using a LEO Gemini 1525 field emission gun scanning electron microscope (FEG-SEM) 
equipped with EDX (INCA, Oxford). In order to avoid charging of the samples, all samples 
were coated with either gold or carbon using a sputter coater. For high magnification imaging 
of the surface of the samples, an in-lens secondary electron (SE) mode was used at 5 kV 
accelerating voltage and at a 7 mm working distance. Also the back-scattered (BSE) mode 
was used for both imaging and chemical elemental analysis. Furthermore, all chemical 
compositions using EDX were acquired in back-scattered mode at the condition of 20 kV 
accelerating voltage and a working distance of 10 mm using the 60 µm diameter aperture. 
Prior to EDX analysis the calibration of the energy spectrum was performed using a standard 
cobalt sample. To increase the reliability of the measurements, each composition was 
acquired from at least 7 areas, each with an area of 20 µm x 20 µm. In this study, as in most 
oxidation studies, the surface microstructure was typically examined using SEM to determine 
the surface morphology and chemical information; however, obtaining the cross-sectional 
microstructure and relating this to the surface microstructure is often difficult. So, 
simultaneous observation of the in-situ cross-section and surface was desirable to examine 
the microstructure of oxidized samples.   
 





3.3.2 FIB-FEGSEM  
In the case of the thin oxide layers, using a conventional metallographic sample which 
was composed of a series of cutting, mounting, grinding and polishing, the cross-section 
image was hard to acquire without a loss of oxide. More importantly, the specific area of 
interest in the oxide layer was difficult to relate directly to the surface features. These 
limitations were overcome by using focussed ion beam milling to produce cross-sections 
normal to the sample surface as well as tapers. 
In the first instance in order to examine the near surface microstructure and to identify 
any correlations with specific surface features, cross-sections normal to the sample surface 
were produced using a focused ion beam FEG SEM (Zeiss, Auriga 40). In this system, the 
sample was put on a holder and adjusted to the eucentric height, at which point the focused 
area was maintained independent of the stage tilt. The coincidence location between the ion 
and electron gun was achieved using manipulation of beam shift to image the same area in 
both SEM and FIB mode. Subsequently, a platinum strip was deposited on the area of 
interest to prevent the top surface from damage induced by ion milling. The sample was 
tilted to 54 degrees for focused ion beam milling with varying ion beam currents depending 
on the desired outcome - sputtering for a crater or milling for polishing. In general, a crater 
was first formed next to the platinum strip in a shape of trapezium to prevent the re-
deposition on the crater walls during milling (Figure 3.10) with a typical milling condition of 30 
kV and 4 nA. The resulting rough cross-section was polished with a low-current beam (in the 
range of 600 pA and 120pA at 30 kV) to achieve a smooth surface within a short time. This 
smooth wall of the crater was imaged using conventional imaging in the SEM (SE, BSE, in-
lens SE), as well as low-energy back scattered that offered compositional imaging at low 
accelerating voltage, ideal for non-conduction oxides. 
 






Figure 3.10 The microstructure of the trapezium shaped crater made on the surface oxide scale 
using a FIB-SEM (Auriga 40). 
 
3.3.3 Energy selected Backscatter (EsB) mode in FIB-SEM 
 
A specific advantage of FIB-SEM (Auriga 40) is that it is possible to acquire the cross-
sectional SEM image after final polishing in-situ. Furthermore, an image acquisition system 
is operated in multiple modes such as SE, BSE and energy selective backscatter (EsB), and 
EDX mapping.  
Reimer et al. described the non-linear behaviour of the backscatter coefficient, for which 
the extent of the reduction in high atomic number elements is stronger than for the elements 
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and not from the volume where multiple inelastic scattered electrons are produced. The aim 
is not spectral analysis, but merely to separate the low loss BSE electrons from the 
remainder of the spectrum. A reduction in the impact energy will result in less electron 
penetration, hence more information of interest will come from the surface. Another 
advantage of the design is that no adjustment of the electron optics is necessary when 
tuning the grid bias or switching between different detectors. 
Filtering and imaging of a selective part of the spectrum from the scattered BSEs (the 
LL-BSE) dramatically increases the surface detection sensitivity and compositional contrast. 
An added benefit of low kV BSE imaging is the ability to examine non-conducting samples 
without the need for conductive coatings. 
 
 
Figure 3.12 A schematic diagram of a cross-section of the electron optical column in the 
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It is challenging to obtain chemical information from discrete thin layers such as the 
oxides formed on these samples. The interaction volumes at 20 kV is approximately 1 µm for 
light elements such as oxygen and around 0.3 µm for heavier elements [7-8]. In the present 
work, the aim of the EDX analyses was to provide complementary data to the SIMS 
analyses, but over a great spatial scale. The analyses were conducted on tapered sections 
in an attempt to discern the individual layers. Details of the bevelling process are given later 
in section 3.4.3. Analyses on the taper sections were carried out with FEG-SEM equipped 
with an energy dispersive system (Oxford instruments INCA PentaFET). As with the EDX 
analyses of surfaces of the samples, calibration was carried out using a standard cobalt 
sample at an accelerating voltage of 20 kV with a working distance of 10 mm. 
 
3.4 Focused Ion Beam-Secondary Ion Mass Spectroscopy (FIB-SIMS) 
The focused ion beam (FIB) system is used for high resolution SIMS work on the oxide 
scale grown on the surface of the alloy; it uses a fine beam of positive gallium ions.  
The focused ion beam (FIB) technique has been developed in high-tech industries for 
manufacturing and process control i.e. lithography, etching and doping. Also, this technique 
is applied to produce electron-transparent samples for TEM examination from materials that 
are difficult to prepare using conventional means, such as ceramic materials and from 
materials where cross-sectional microstructures are important. Recent areas of FIB 
technology application include investigation of ceramic composites and biomaterials (where 
cryogenic stages are often used).   
In the current research, the application of this technology provides an advantage in the 
study of high temperature oxidation due to the ability to perform in-situ ion milling and 
imaging on the oxidised sample as well as to conduct high resolution SIMS analyses 
(section 3.5). The advantage of FIB with SIMS for the study of the high temperature 





oxidation behaviour of nickel-base superalloys is that insight is gained into the mass 
transport mechanisms in the oxide scale grown on the alloy. The results will be described 
later. 
In the FIB system, the ion beam is generated from a liquid gallium ion source due to the 
application of a strong electric field. Excited Ga+ is emitted and passed through an aperture 
to achieve the appropriate beam current, which affects the beam diameter and image 
resolution. Generally, low beam currents are used for imaging while high currents are used 
for milling or sputtering. The beam strikes the surface of sample in a high vacuum chamber 
(10-7 mbar), and secondary electrons and ions are emitted from the surface. High resolution 
images are acquired from the secondary electrons; mass spectra, secondary ion images and 
depth profiles are acquired from the secondary ions.   
Another advantage of the FIB technique is the ability to conduct in-situ milling and 
cleaning. It yields microstructural information on the milled cross-section to be investigated 
to determine the oxidation behaviour and the thin oxide layer formed near the surface of the 
sample. Furthermore, TEM sample preparation by FIB is another useful function. In section 
3.6.1, the detailed procedure of TEM sample preparation will be described. 
Secondary ion mass spectroscopy is used to measure the isotopic ratio. The improved 
spatial resolution of SIMS with a fine ion beam in the FIB enables collection of the negative- 
and positive ions in the sample, including from the thin oxide layer.   
 
3.4.1 Depth Profiling 
In order to investigate the chemical depth profile of the oxidized samples, SIMS depth 
profiling was performed. In the experiments where the samples were heated in varying 
oxygen partial pressures, the intensities of the positive ions such as aluminium, nickel, 
chromium and titanium and negative ions (oxygen) were measured as a function of depth. 
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Figure 3.15 Depth profiles of positive ions on the as-polished sample. 












































Figure 3.16 Depth profiles of positive ions in the sample heated in vacuum environment. 
 
 
Also, depth profiles were carried out for the negative ions 16O- and 18O-, to examine the 
oxide growth mechanism of oxide scale grown on the surface of the alloy at 1100 °C (Figure 
3.17). The acquired depth profile is useful in determining the species dominating the mass 
transport processes during oxide growth and the diffusion paths. The oxygen depth profile 










3.4.2? Electron-Ion Images 
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3.4.3? Tapering of the Oxide Scale 
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200 which was then and evacuated. First, the eucentric height was set and then two craters 
were milled on both sides of the area of interest as fiducial markers. The holder was then 
tilted to an angle of 55° to produce a bevel angle of 5° (= 90° - 30°(pre-tilt) - 55°). 
Subsequently, the surface of the sample was milled to a depth of 50 µm using a high current 
beam of 7000 pA. Prior to fine polishing using a low beam current (1000 pA), a platinum strip 
was deposited on the top surface between the two existing craters. To produce a smooth 
surface on the taper, fine polishing was performed at 1000 pA. As a result of the tapering of 
the surface oxide layer, the thickness of the oxide layer was stretched out by about 10 times 
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3.5? Time-of-Flight Secondary Ion Mass Spectroscopy (ToF-SIMS) 
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3.5.1 Elemental Ion Mapping 
Information on the location and distribution of each element in the oxide layer is required 
to know their transport behaviour during high temperature oxidation. In particular, the 
distribution of the isotopic oxygen ion (18O-) was a key signal for studying the oxide growth 
mechanism - whether by outward metallic or by inward oxygen diffusion. One of post-
processing methods is the overlay technique which is acquired by putting one elemental 
distribution over another. This enables the overlaid image to effectively show the relative 
location of each element. These overlaid images are very effective in distinguishing between 
the 16O- and the 18O- in the oxide layer.    
 
3.5.2 Line Profiles 
As mentioned earlier all spectral information acquired on an area of interest is stored on 
the hard disk of the computer. Full spectrum information allows line profiles of all the 
elements in the spectrum energy range to be quantitatively acquired from the oxide layer, 
including lanthanum. Using the analysis software, more quantitative analysis was carried out. 
In particular, the resolution limit of parts per billion on the ToF-SIMS facility proved a 
powerful tool for the analysis of the dopant elements. The location of doped lanthanum is 
extremely hard to detect, even through the use of advanced analytical TEM microscopy. To 
evaluate the presence of lanthanum in the oxide from the ToF-SIMS data, a line was drawn 
on the acquired map image of lanthanum (Figure 3.21 (a)). Then, the intensity of lanthanum 
per unit length (1 µm) was displayed as in Figure 3.21 (c). The same process was carried 
out on the secondary ion map image for both the x- and y-directions at 5 micron steps. 
Through this processing, the accurate location information of the doped lanthanum can be 
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3.6? Transmission Electron Microscopy (TEM) 
?? ????????????? ????????? ??????????? ?????? ????????? ????? ??????? ??????????? ??????
????????????? ??????????????? ????????? ?????????????????????????????????????? ???? ???????????
??????? ?????????? ????????????????? ???????????????????? ????? ????????? ??? ?????? ?????????





information on the grain boundary of the oxide scale using high angle angular dark field 
(HAADF). All TEM samples were prepared using the FIB in-situ lift-out technique.   
 
3.6.1 TEM Sample Preparation (FIB in-situ lift-out) 
Since the oxides are not conductive, the conventional electro-jet polishing method could 
not be applied for thin TEM specimen preparation to investigate the surface oxide layer. It is 
challenging to select specific features of interest for examination in the TEM using 
conventional cross-sectioning and ion milling. A FIB equipped with an electron gun can 
overcome these limitations in TEM sample preparation. A standard in-situ FIB lift-out 
technique was used to produce site-specific TEM samples [9]. A model Helios 500 (FEI) 
dual-beam apparatus was operated at 30 keV and a platinum gas injection system was used 
for surface protection. The procedure is illustrated in Figure 3.22. To prepare a specimen for 
TEM, the site of interest is selected carefully in the image mode. A platinum strip is 
deposited to protect the top surface of the sample from damage during processing. Two 
trenches are then made using a high beam current (21 nA) on both sides of the deposited 
platinum strip, leaving a wall of material about two microns thick. The wall is then milled to 
produce a thinner wall approximately 1 µm thick using a low beam current (6.5 nA). 
Subsequently, the sample is tilted to 45° and cut on the three sides of the thin wall leaving 
only a small filament. The lift-out needle is moved to the side of the section. The thinned 
sample is attached to a platinum needle using platinum and removed by cutting the filament 
using the ion beam. The sample is then lifted out and attached to the 3-post copper 
omniprobe TEM grid installed on the omniprobe station. The polishing of the sample is 
performed until electron transparency is observed using low-current ion milling (0.3 nA) on 











3.6.2? TEM Examination 
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STEM mode for grain boundary analysis. In the STEM mode, the convergent incident beam 
is focused on the surface of the specimen with a fine spatial resolution of approximately 0.1 
nm. The electron probe in the STEM mode can be made to a degree of atomic spacing; 
thereby a high resolution image can be acquired. Another advantage of the STEM mode is 
the Z-contrast imaging which is collected by HAADF detector (Figure 3.24). 
 
 
Figure 3.24 STEM-HAADF image and EDX spectrum on the grain boundary of oxide scale. 
 
The following chapter will deal with the transient oxidation behaviour of the CMSX-4 alloy 
during heating to 1135 °C under different oxygen partial pressures. 
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The high temperature oxidation behaviour of single crystal nickel-base superalloys has 
been studied over several decades, leading to the development of advanced alloys [1-4]. 
Understanding the kinetics and mechanisms of oxidation plays a crucial role in developing 
these alloys. Research typically consists of isothermal oxidation experiments. Most studies 
have focused on the effects of alloy composition on the oxidation behaviour with time [1, 4-5]; 
however, fewer studies have evaluated the associated microstructural changes [6-8]. 
Traditionally, researchers have assumed that all oxidation occurs at an isothermal 
temperature and any initial oxidation may be disregarded. In order to fully understand oxide 
evolution, the initial oxidation stages during heating must be investigated. Furthermore, there 
have been no controlled studies comparing changes at and near the alloy surface as a 
function of oxygen partial pressure. The present chapter evaluated the oxide formed during 
heating and the effect of partial oxygen pressure on both oxide formation and near-surface 
microstructural changes for single crystal CMSX-4.  
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CMSX-4 alloy buttons were heated to a temperature of 1135°C in three different oxygen 
partial pressures. After the heating experiments, the surface roughness, morphology and 
chemical composition on the surface were characterised. Also, the cross-sectional 
microstructure of the heated samples was investigated using FIB-SIMS, FIB-SEM, and TEM.  
Hereafter, the samples from the three environments will be designated as H for samples 
heated under pure oxygen, M (medium partial oxygen pressure) and L (low partial oxygen 
pressure) for samples exposed under argon and vacuum, respectively. The experimental 
conditions and sample notations are shown in Table 4.1.  
 












Oxygen 0.2 H 
Argon 2 x 10-9 M 
Vacuum 2 x 10-11 L 
 
The term “transient” in this chapter is used to describe the continuous change in 
temperature with time as shown in Figure 4.16. Thus, the transient oxidation includes the 
behaviour of alloy during rapid heating (2 min. to 1130°C), pseudo isothermal hold (15 min. 
above 1130°C), and rapid cool down (2 min. to 200°C) 
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4.2.1 Surface Microstructure 
4.2.1.1 Roughness and morphology of the surface 
Spallation on the surfaces of all the samples was not observed after rapid cooling from 
the heating temperature. In an attempt to indirectly identify any surface changes due to any 
reactions, the surface roughness of the heated samples was measured and compared to the 
as-polished sample. The value of the as-polished condition was 18 ± 4 nm (Ra). The sample 
roughness values for the H, M and L conditions were 256 ± 22 nm (Ra), 51 ± 7 nm (Ra), and 
20 ± 4 nm (Ra), respectively. Condition H resulted in an increase of roughness fifteen times 
more than the as-polished sample. In the case of the condition M, the value was about three 
times higher than before the experiment. On the other hand, condition L was marginally 
rougher than the as-polished state.  
 
The surface morphologies obtained from the tested samples are shown in Figure 4.1. In 
Figure 4.1 (a), an as-polished sample shows a rectangular array of square gamma-prime 
precipitates with a size of approximately 0.5 µm. The surface from condition H (Figure 4.1 
(b)) exhibited reaction products with a size ranging from submicron to above 10 µm with 
visible pores approximately 0.5 µm in diameter. In the case of the condition M (Figure 4.1 
(c)), there were discrete particles of surface reactants in the form of sub-micron irregular 
blades. On the other hand, in the case of condition L (Figure 4.1 (d)), there were no evident 
particles of surface products, and a clearly discernable array of square gamma prime 
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at.%). On the other hand, the level of the aluminium on the surface was higher than the as-
polished (12.8 at.%) in both cases, with a value of 33.9 at.% and 28.5 at.%, respectively. 
Another feature of both the M and L conditions was the presence of tungsten. Rhenium was 
detected only in condition L, likely due to a very thin oxide layer allowing elements from the 
base metal to be detected. 
 
Table 4. 2 Indicative chemical composition on the surface of as-polished sample and samples 
heated in the three oxygen partial pressures (at.%). 
Sample Ni Co Cr W Ta Al Ti Re O 
As-polished 63.5 9.5 7.7 1.9 2.1 12.8 1.4 1.1  
          













          















          


















4.2.2 Cross-sectional microstructures 
4.2.2.1 Cross sectional microstructure in trench 
The 90° trenches were made on the surfaces of heated samples using FIB milling to 
investigate the cross-sectional microstructure together with the as-polished sample for 
comparison (Figure 4.3). For the as-polished sample, the typical microstructure of nickel-
base superalloys showing gamma-prime precipitates was shown in the crater (Figure 4.3 (a), 
(e)). The gamma matrix channels were very narrow with a value of about 0.15 µm. For 
condition H, some oxide layers on the surface were formed during heating up to 1135°C as 
seen in Figure 4.3 (b) and (f). The oxide layer was roughly divided into three layers; the 
upper layer (grey contrast) had a thickness of ≈ 1.33 µm with some pores observed in the 
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layer. The thickness of the middle layer (darker grey contrast) was ≈ 1.2 µm, with a line of 
white contrast particles embedded in this middle layer. Lastly, the black contrast bottom 
layer was present with a thickness of 0.73 µm and showed protrusions into the substrate 
metal. Each of the layers had irregular interfaces with the adjacent layers and/or the 
substrate. Also, a gamma-prime depletion area was observed beneath the bottom layer 
(Figure 4.3 (b), (f)). This depletion region had a width of approximately 4 µm with the width of 
the gamma matrix channels in this underlying area larger than that of the polished condition. 
In addition, the gamma-prime precipitates in this region showed rounder edges than the as-
received condition. Furthermore, sub-micron gamma-prime precipitates were present at the 
boundary of the gamma-prime depleted area and the bulk of the substrate showing the 
transient change in size of precipitates with depth (Figure 4.4). 
For the M condition, a continuous and dark contrast layer was observed on the top 
surface with a thickness of about 100 nm (Figure 4.3 (c) and (g)). Just beneath the 
continuous layer some dark contrast protrusions extending into the substrate existed with a 
size of range of 125 – 290 nm. A narrow gamma-prime depletion area (≈ 400 nm) existed 
beneath this oxide layer. As compared to the H condition, the width of the gamma-prime 
depletion area was less. Also, the width of the gamma matrix channel was wider than that of 
the as-polished sample due to the dissolution of the gamma-prime precipitates. The 
precipitates in this region of the substrate were not rectangular, but were of various shapes 
with rounded edges. The size of the precipitates near the surface was smaller than that 
those deeper in the substrate. 
For the L condition, a very thin continuous dark contrast layer (about 30 nm) beneath the 
platinum strip was observed (Figure 4.3 (d) and (h)). Some dark contrast protrusions into the 
substrate were present below this thin continuous layer. A depleted area of gamma-prime 
precipitates did not clearly exist such as that observed in conditions H and M. Overall, the 
rectangular shape of the precipitates near the surface was maintained, but with slightly 
rounded edges. On the basis of the very thin layer formation, it can be surmised that there 
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depth of 1 µm where it reached the level of the bulk. For cobalt, the level increased up to a 
depth of 1.8 µm and then rose up to the bulk level and remained constant. In the case of 
chromium, the level increased and reached a peak at a depth of 1 µm and then dropped to 
the level of the bulk. 
In Figure 4.6 (f), for other gamma-prime forming elements, such as tantalum and titanium, 
the enrichment of both elements was present near the surface, followed by a deficient zone 
to a depth of 2.5 µm with a subsequently flat profile. Titanium and tantalum showed similar 
levels to the bulk just beneath the oxide layer, with titanium showing its highest level at the 
top surface. The levels of tantalum and titanium were similar to the nominal composition 
below the aluminium layer and this is thought to be as a result of the blocking effect of the 
continuous aluminium oxide layer on outward transport of tantalum and titanium. For 
tungsten, a similar profile to nickel was shown. In the case of rhenium, there was no clear 
change in the level with the depth below the surface.  
 
For condition M, the level of aluminium peaked at the top surface and dropped to the 
level of the bulk at a depth of about 0.8 µm and remained constant (Figure 4.6 (c)). For 
oxygen, the profile showed a similar trend to aluminium except that it dropped to a depth of 
1.5 µm. In the case of the gamma matrix constituent elements, all the elements showed a 
deficient zone to a depth of 1 µm, with the exception of slight enrichment of chromium just 
below the surface at 1 µm. The oxide layer formed on the surface had a thickness of about 1 
µm and mainly comprised of aluminium and oxygen with a small amount of chromium. In the 
case of titanium and tantalum, there was no clear change in level with a depth (Figure 4.6 
(g)). 
 
For the L condition (Figure 4.6 (d) and (h)), the overall profile was similar to that of the 
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4.2.4 SIMS Analysis 
For the polished sample, as expected, the profiles of all four metallic elements remained 
constant with the levels showing fixed ratios (Figure 4.7 (a)). The constant ratio of all four 
positive ions reflects the uniform composition of the bulk material. In the profiles, the level of 
the main element, nickel, was lower than that of the aluminium due to the difference in 
secondary ion yield from a clean metal surface (0.007 for Al and 0.0006 for Ni) [9]. 
For the H condition (Figure 4.7 (b)), the level of nickel was the highest at the outermost 
surface and constant to an approximate depth of 180 nm, and then decreased continuously 
to near a zero level at a depth of around 500 nm, then remained constant. Titanium reached 
a peak at a depth of 250 nm, and dropped moderately then remained constant to a depth of 
850 nm. Then, the titanium signal decreased to zero at a depth of 1,100 nm and was no 
longer detected. The intensity of aluminium increased initially to a depth of 350 nm, dropped 
moderately until a depth of 550 nm, then remained steady to 800 nm. The level then rose 
again and reached a peak at a depth of 1,050 nm, then decreasing gradually. For chromium, 
the level rose to a depth of 300 nm, and then slightly increased, peaked at around 400 nm, 
and then remained constant, until it dropped at 800 nm depth to a very low level.  
In the case of the M condition (Figure 4.7 (c)), the level of nickel was almost zero up to a 
depth of about 150 nm, rose rapidly to a peak at 350 nm and then decreased to a depth of 
450 nm where it then remained constant. The level of titanium, on the other hand, initially 
remained at a zero value to a depth about 150 nm, and then rapidly rose and reached a 
peak at a depth of 230 nm, then it continued to decrease until a depth of about 400 nm and 
then remained constant. The level of aluminium was the highest at the outermost surface 
and then decreased gradually to a depth of 430 nm, and hereafter remained constant.  
Lastly, in case condition L (Figure 4.7 (d)), the level of nickel was almost zero from the 
surface to a depth of 100 nm, then increased and peaked at a depth of 280 nm and 
decreased until a depth of 350 nm, after which the level remained constant. The level of 























4.2.5 TEM Studies 
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To investigate the compositional difference through the cross section of the oxide layer, 
point analyses were performed on each layer (Figure 4.9 and Table 4.3). The upper layer 
was enriched with nickel and oxygen together with some cobalt and a trace of chromium, 
aluminium, and titanium. This indicates that the upper layer is nickel oxide. For the middle 
layer, chromium and aluminium were the main metallic elements in the oxide with some 
amounts of nickel and cobalt and a small amount of titanium suggesting that the middle layer 
is a complex oxide, likely a spinel. A black grain observed in the middle layer contained a 
high level of tantalum and titanium (M4 in Figure 4.9). In the lower layer, only aluminium and 
oxygen existed in constant ratio of aluminium: oxygen with a trace of chromium, clearly an 
alumina layer. This further supported by the black contrast observed in the cross-sectional 
micrograph (Figure 4.3 (b) and (f)). For the substrate analyses, the main elements detected 
were nickel, cobalt, and chromium. As compared to the bulk analysis, the counts of nickel, 
cobalt, tantalum, and tungsten were higher. Concentrations of other constituent elements 
such as aluminium, titanium, chromium were lower than that of bulk levels. In particular, the 
level of aluminium in the substrate area dropped to a concentration of below 4 at.%. On the 
other hand, the oxygen was rarely detected in this area. 
To investigate the profile of aluminium in the substrate beneath the lower oxide layer, 
EDX point analyses were performed deeper into the substrate. As can be seen Figure 4.10 
and Table 4.4, the level of aluminium increased from 1.4 at % to 7.7 at % with depth and 
then reached the nominal level at a depth of 4.6 µm. There was an aluminium-depleted 
region below the lower aluminium oxide layer. This suggests that the aluminium diffused 
outward from the substrate to form the lower aluminium oxide from the decomposed gamma-
prime precipitates. The level of other metallic elements was the highest at the interface 
between the lower aluminium oxide and substrate, suggesting a barrier role of the aluminium 
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4.2.5.2 Sample M 
Figure 4.13 shows the cross-sectional microstructure of the sample M. The 
microstructure of the surface oxide consisted of a very thin continuous layer on the external 
surface. The thickness of the oxide formed in an argon atmosphere of condition M during 
heating was about 60 nm. Concurrently, some discontinuous crystallites were identified 
beneath the continuous dense oxide layer. The flat interface between the continuous 
external surface oxide layer and the underlying crystallites was clearly revealed and this 
interface is thought to be the original surface of the bulk material. The surface oxide layer 
was formed through the outward migration of aluminium from the bulk and the internal 
aluminium oxide showing highly facet shape.  
The elemental line profile through the oxide layer of condition M with the accompanying 
TEM micrograph is shown in Figure 4.14. The level of aluminium and oxygen was 
maintained at a high level from the surface to a depth of about 300 nm. Subsequently, the 
level dropped when the substrate was reached and remained at a constant value in the 
substrate. It is clear from the range of analyses conducted that the oxide layer formed on the 
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4.2.5.3 Sample L 
Figure 4.15 shows the EDX indicative elemental line profiles across the surface oxide 
layer. The level of the main alloy elements such as nickel, cobalt and chromium gradually 
increased to a depth of 30 nm and then remained at a constant value. On the other hand, 
the aluminium and oxygen were enriched to a depth of 25 nm, and then their levels dropped 
and remained constant value in the substrate area. The increase in concentration of 
aluminium and oxygen could not be detected in the EDX elemental line analysis (Figure 4.6 
(d)) on the crater.  
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4.3.1 High oxygen partial pressure (condition H) 
4.3.1.1 Evidence for oxidation 
Despite the rapid cooling, inducing high thermal stresses on the surface on the samples, 
there was no spallation of oxide scale grown on the surface. A possible explanation for this 
might be that the oxide layer on the surface is too thin to be affected by the thermal stress. 
The thickness of the oxide formed on the condition H, M, and L was about 2.5 µm, 0.5 µm, 
and 0.5 µm, respectively. The oxide thickness was much thinner than that of the sample (3 
mm). So the in-plane stress condition, which is independent of the thickness, is met. Also, 
the exposure to high temperature was too short to grow the film to the extent that it was thick 
enough to be spalled.   
 
Regarding surface roughness, condition H showed about 15 times more roughness than 
the as-polished sample. The significant increase in surface roughness after exposure is a 
result of the reaction of the alloy with a pure oxygen atmosphere at a pressure of 0.2 atm 
during heating. This is confirmed by the observed differences in surface morphology as 
compared to the as-polished condition (Figure 4.1 (b)). Furthermore, the EDX analyses on 
the surface of the sample H clearly indicates an oxidized surface through the detection of 
oxygen with above 50 at.% (Table 4.2). Exposure of the alloy in pure oxygen atmosphere 
while heating to 1135°C resulted in oxidation during the short exposure. A study of 
transitional oxidation of a gamma NiCrAl alloy was performed by in-situ oxidation 
measurements using a synchrotron beam-line [10]. The first oxide Cr2O3 was detected at   
850°C at a heating rate of 1000°C/h, giving an exposure time of minutes based on the 
heating rate. In the case of condition H, the period of exposure to above 850°C was just 16 
minutes (Figure 4.16), but over 15 mins of this time would be above 1130°C.  
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Figure 4.16 Schematic diagram showing temperature profile during heating to 1135°C and 
cooling to room temperature. 
 
4.3.1.2 Oxide microstructure 
As mentioned in section 4.2.2.1 and 4.2.4.1, a triple-layered oxide microstructure was 
formed on the surface of the alloy exposed under condition H (Figure 4.3 and 4.8). Based on 
the EDX analyses of the oxide cross-section, the SIMS depth profile and TEM analyses, the 
oxide layer formed comprised of a nickel enriched outermost layer, chromium- and 
aluminium-rich complex spinel oxide as the middle layer, an exclusive aluminium oxide inner 
layer, and bulk substrate. The surface oxide layer microstructure can be explained as follows: 
 
Zone I: During heating to a temperature of 1135°C at a pressure of 0.2 atm in oxygen, 
the partial oxygen pressure is high enough for all metal oxides to be formed at the top 
surface due to their negative energy of formation. The oxide on the top surface was enriched 
in nickel with relatively small amounts of aluminium and chromium. The EDX analyses 
(Figure 4.6 (b)) and SIMS depth profiles (Figure 4.7 (b)) showed the highest nickel level in 
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the outer layer. The fast diffusion of nickel outward from the substrate coupled with the rapid 
growth rate of nickel oxide, which is a factor of ≈ 104 faster than α-Al2O3, makes nickel oxide 
the dominant oxide in the transient oxidation process and is dominant at the surface of 
condition H [11-12]. It can be inferred that in this environment, sample H is oxidized by the 
outward flux of elemental nickel to the surface until the partial oxygen pressure reaches the 
equilibrium dissociation pressure of nickel oxide (10-9 atm.) [13]. This outer layer of NiO was 
clearly confirmed in the EDX line analysis on the TEM (Figure 4.12). 
The low surface concentration of aluminium and chromium in condition H compared to 
the as-polished condition can be explained in terms of the relatively low diffusion rate of 
these two elements as compared to nickel and the dominant formation of nickel oxide in the 
early stage, overgrowing any aluminium and chromium oxides [14-16]. As a result, 
aluminium and chromium are slowly moving during the very short exposure to high 
temperature. Both the cross-sectional SEM and TEM observations of the upper layer show a 
large relatively homogeneous structure (Figure 4.3 (b), (e) and Figure 4.8). 
 
Zone II: Beneath the outer nickel oxide layer, a chromium- and aluminium-enriched 
oxide layer was found. As the exposure time and temperature increased and the surface 
nickel oxide layer grew, aluminium and chromium moved toward the interface of the top 
oxide and gas due to the oxygen partial pressure gradient. As oxidation proceeded, the 
composition below zone I differed from the bulk composition due to the fast outward diffusion 
of nickel to the top surface (Figure 4.6 (b)). As a result, the instantaneous elemental 
distribution in zone II exhibited higher contents of aluminium and chromium, and they were 
the main elements involved in oxidation in this zone. On the basis of the SIMS data (Figure 
4.7 (b)), zone II can be subtly divided into two sub-layers; an aluminium-rich upper layer and 
chromium-rich bottom layer. Since the activity of aluminium is higher than that of chromium 
due to the higher aluminium content in the bulk alloy, which is assigned to the composition 
for the exclusively external alumina layer formation (Group III in the oxidation map 
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zone II, effectively it shows the outward diffusion of metal cations during the transient 
oxidation period of heating. The oxidation occurs by the reaction between inward diffusing 
oxygen and the mobile aluminium in the substrate, and this is confirmed by the detection of 
only aluminium and oxygen in the EDX analyses of the TEM cross-section micrograph 
(Figure 4.9). In addition, the darkly imaged oxide in the FIB cross-sections provides further 
evidence as the image contrast suggests a highly insulating phase such as alumina. The 
compositional data obtained from SIMS and TEM EDX supports this.  
The source of aluminium for the aluminium oxide (of zone III) is the gamma-prime 
precipitates of the underlying bulk material. The gamma-prime precipitates in the substrate 
are decomposed by the gradient of aluminium activity beneath the lower aluminium oxide 
layer and then the aluminium is available to form a dense and continuous aluminium oxide 
layer. The concentration gradient of aluminium in the inner bulk area supports the outward 
diffusion of aluminium from the inner gamma-prime (Figure 4.10 and Table 4.4). The other 
constituent metallic elements cannot move through the dense and continuous protective 
aluminium layer. The absence of these elements in the aluminium oxide layer is strong 
evidence for the barrier role of the aluminium oxide layer on the outward transport of these 
metallic elements (Table 4.3).  
 
Gamma-Prime Depletion Zone 
As can be seen in the trench microstructure (Figure 4.3 (b)), a gamma-prime precipitate 
free zone existed beneath the triple-layered oxide formed under condition H. This can be 
explained as a result of the decomposition of the gamma-prime precipitates existing in the 
substrate area as described above with the wider spacing of the gamma channels in 
condition H providing further evidence for the decomposition of gamma prime precipitates. 
The concentration gradient of aluminium in the depleted area of the matrix supports the 
diffusion of aluminium from the substrate for alumina formation. Also, sub-micron 
precipitates were observed at the interface between the depleted area and substrate area; 
this transient change in size of precipitates with depth indicates the progressive dissolution 
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process of gamma-prime precipitates imposed by the concentration gradient of aluminium as 
aluminium is incorporated into the oxide (Figure 4.4 (b)). The gamma-prime forming 
elements such as aluminium, titanium and tantalum diffuse outward to form the oxide layers 
during heating in the high oxygen partial pressure atmosphere.  
 
4.3. 2 Low oxygen partial pressure 
4.3.2.1 Evidence for oxidation 
For the case of condition M, the increase in surface roughness after heating in argon is 
intuitive evidence for some reaction on the surface of alloy, reinforced by the high level of 
oxygen detected on the surface. Moreover, the blade-shaped reaction products were 
observed on the surface (Figure 4.2 (b)). This morphological feature is consistent with the 
transient alumina phase [18]. Further supporting evidence for oxidation during exposure 
under condition M is the enrichment of oxygen near the surface of the alloy acquired through 
the EDX line analyses on cross-section both in the SEM and TEM (Figure 4.6 (c) and Figure 
4.14). When compared to condition H, the extent of oxidation of alloy in condition M was 
significantly less due to the relatively low oxygen activity in the argon atmosphere during 
heating, where the exposure to high temperature (above 850°C) was only 16 minutes.  
 
This result is significant for industrial applications. Many heat treatments are usually 
performed in an argon atmosphere to provide an inert environment. Based on the results 
from condition M, oxidation can occur on the surface in the industrial environments. In 
particular, oxidation of thin walled components may have consequences on the in-service 
performance of the alloy. Depletion of alloying elements beneath the surface oxide can 
induce microstructural changes and alter the mechanical behaviour from that of the bulk 
material.  
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For condition L, the similar surface roughness to that of the as-polished sample implies 
less reaction during heating in vacuum. The high level of oxygen on the surface, however, 
provides evidence of oxidation on the surface of alloy (Table 4.1). The EDX elemental line 
analysis on the trench of condition L shows no clear oxygen detection (Figure 4.6 (d)) due to 
the resolution limit of the EDX detector. The thickness of the layer formed on the surface 
was approximately 30 nm, making it difficult to obtain reliable data using EDX in the SEM; 
however, an enriched area of oxygen and aluminium was detected by the EDX line analysis 
on TEM cross-section. The alloy is oxidized to a very limited depth range during heating in 
vacuum due to the extremely low oxygen activity. So the surface roughness showed a 
marginal increase compared to that of as-polished condition.  
 
4.3.2.2 Oxide Microstructure 
Condition M 
For condition M, dark contrast was observed near the surface of the alloy heated in an 
argon atmosphere. The high level of aluminium and oxygen detected from the layer using 
EDX elemental line analysis on cross-sections in the SEM and TEM (Figure 4.6 (c) and 
Figure 4.14 (c)), suggest only aluminium oxide.  
 
The thin oxide formed on the surface under condition M can be explained by the low 
oxygen activity and slow growing aluminium oxide formation [11-12]. The detection of the 
tungsten on the surface using EDX is likely not the result of the outward diffusion from the 
base metal, but excitation of the base metal through the thin oxide layer.  
 
The nickel oxide observed on the alloy surface in condition H was absent in condition M. 
This absence of nickel oxide can be explained by the equilibrium partial pressure of the 
nickel (8 x 10-9 atm) being higher than the partial oxygen pressure (2 x 10-9 atm) of the 
experimental condition M at temperature. The reason for the exclusive alumina formation 
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during heating in argon environment is that aluminium is the only mobile element present 
during heating under low oxygen partial pressure. The equilibrium partial pressure of oxygen 
for aluminium oxide is about 10-31 atm; there was enough driving force to form aluminium 
oxide due to the large gradient of the oxygen partial pressure.  
 
Another possible explanation for the enrichment of alumina is the selective oxidation 
behaviour observed in the Ni-Cr-Al system, which is known as the “third-element effect”. In 
this case, chromium acts to promote the exclusive formation of aluminium oxide despite the 
existence of elements with relatively high equilibrium partial pressure of oxygen for oxide 
formation [17]. Also, at low oxygen partial pressure, fewer elements are required for the 
selective oxidation of aluminium [19].  
 
A narrow precipitate free zone was present beneath the aluminium oxide layer. Also, the 
gamma channels in the alloy below this zone were wider compared to the as-polished 
sample. Both of these observations indicate the decomposition of gamma-prime precipitates 
Ni3(Al,Ti) during heating in argon. The aluminium and titanium resulting from the precipitates 
will move outward to react with oxygen at the free surface. But, the aluminium reacting with 
oxygen dominates due to the high content of aluminium compared to titanium. The high level 
of aluminium detected near the surface in EDX and SIMS analyses suggests that the initial 
oxidation occurs by the outward diffusion of aluminium with the high peak of titanium 
beneath the aluminium oxide outermost layer due to the relatively low content of titanium in 
the decomposed area. The aluminium profile with depth showed a moderate slope in the 
reaction zone, an indicator for the outward transport of decomposed aluminium from 
gamma-prime precipitates in the alloy.  
On the other hand, the level of nickel and chromium was higher than the nominal 
composition in the precipitate free region. This is believed not to be due to the movement of 
both elements, but rather to the relative increase resulting from the loss of aluminium and 
titanium by outward transport. The oxygen partial pressure below the continuous aluminium 
Chapter 4: The effect of oxygen partial pressure on the transient oxidation behaviour 





oxide layer is very low, thereby rendering the nickel and chromium immobile. As a result, the 
complex spinel oxide is not formed during heating under condition M. Consequently, an 
almost zero level of nickel and chromium were shown at near the top surface of the oxide 
scale. 
 
Internal oxidation was observed beneath the continuous aluminium oxide layer. Metallic 
elements from substrate find it difficult to diffuse outwardly through the continuous and 
dense alumina oxide layer formed at the surface and the very low oxygen partial pressure 
provides little driving force for the formation of oxides other than alumina. Therefore, only 
aluminium is available to react with oxygen beneath the oxide layer. Studies on the oxide 
growth mechanism of alumina-forming alloys showed that the inward oxygen diffusion via 
grain boundaries in the external oxide plays a dominant role in the oxide growth [12]. The 
consumption of aluminium through combination with oxygen occurs at the oxide/alloy 
interface with new oxide forming below the initial continuous and dense oxide layer. The 
irregular morphology may result from the local distribution of grain boundaries in the alumina 
layer, with enhanced formation of alumina in regions of high boundary density and therefore 
higher local oxygen levels. 
 
Condition L 
The thickness of the oxide (≈ 30 nm) formed under condition L was the lowest of for all 
conditions studied. Since the activity of oxygen in this condition is low (2 x 10-11 atm), the 
only available element for reaction is aluminium, but with less driving force than with 
conditions H. As a result, a thinner oxide layer was formed on the surface for same exposure 
period to high temperature, compared to the other higer pO2 conditions. The detection of 
tungsten and rhenium on the surface supports the belief that the oxide layer is very thin. 
Since the diffusion of both elements is slow in nickel alloys [20], the detection of these 
element on the surface is not expected to be as a result of outward diffusion from the 
substrate. In addition, the very low oxygen partial pressure makes them immobile in the alloy. 
Chapter 4: The effect of oxygen partial pressure on the transient oxidation behaviour 





This suggests that the detection of both elements is a result of excitation of the alloy under 
the very thin oxide layer.  
 
As with the other conditions, the source of aluminium to form the oxide layer is the 
gamma-prime precipitates in the substrate. The wider gamma channels and rounding of the 
edges of precipitates beneath the oxide layer supports the hypothesis that decomposition of 
precipitates is the mechanism at work, as proposed for the other conditions. The mobility of 
the aluminium, however, is slower than in condition M due to the lower activity of oxygen.  
 
4.3.3 Comparison between high and low oxygen partial pressure 
The oxidation of the alloy during heating to the temperature of 1135°C showed 
significantly different behaviour with oxygen partial pressure.  
At the high oxygen partial pressure condition, the initial stage was governed by the 
outward diffusion of nickel. Since the equilibrium dissociation pressure of nickel oxide is 8 x 
10-9 atm., the reaction continued up to the equilibrium dissociation pressure altogether aided 
by the fast diffusion and the large supply of nickel. Afterwards, the oxidation was controlled 
mainly by aluminium and chromium due to the instantaneous composition change beneath 
the nickel-enriched top layer. At the final stage, only aluminium was involved in the oxide 
formation at the boundary with the substrate through the outward diffusion of aluminium in 
the matrix decomposed from the gamma-prime precipitates, and the inward diffusion of 
oxygen.  
 
On the other hand, in case of low oxygen partial pressure, nickel cannot be involved in 
the oxidation behaviour due to the low oxygen partial pressure being lower than the 
equilibrium dissociation pressure of nickel oxide. In this case, only aluminium was available 
for oxidation through the overall oxidation process. Another reason for the exclusive 
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aluminium oxide formation was the selective oxidation of aluminium. In this situation, other 
elements promote the selective oxidation of aluminium at low oxygen partial pressures [19]. 
 
 From a practical viewpoint, when a superalloy is heat treated, the oxygen partial 
pressure should considered to avoid either unwanted oxidation or a depletion of alloying 
elements from the bulk metal. As mentioned above, the governing elements involved in 
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The oxidation behaviour of CMSX-4 was investigated by sequential oxidation 
experiments using isotopic oxygen to elucidate the oxide growth mechanism at 1100°C at a 
pressure of 0.2 atm. 
After the oxidation experiments, the samples were examined using a range of 
characterisation techniques to evaluate the surface morphology and chemistry, the cross-
sectional microstructure and chemical variations. This chapter focuses on the metal/oxide 
scale interface and the spallation behaviour of the surface scale. 
 
5.2 Results 
The high temperature oxidation behaviour of single-crystal nickel-base CMSX-4 
superalloy was investigated through two-stage oxidation experiments using oxygen-16 gas 
followed by isotopic oxygen (18O2), both at a pressure of 0.2 atm at 1100°C with varying 
exposure times up to 120 hours. The details of the experimental sequence are shown in 
Table 5.1 with the sample notations used in the text. 
Table 5.1 The experimental sequence designed for the two-stage oxidation experiments 





Duration of 1st 
Oxidation in 16O2 
(hours) 
Duration of 2nd 
























5.2.1 Surface Microstructure 
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The chemical composition of the oxidized samples is shown in Table 5.2. The 
recalculated chemical composition of the surface oxides without oxygen is shown in 
parentheses in Table 5.2 for comparison with the bulk composition. The surface oxide can 
be divided into two categories in terms of contrast and the elements detected.  
For the white contrast oxides, the level of oxygen was above 70 at.% over all the 
samples. The levels of nickel, cobalt and tungsten were lower than those detected in the 
bulk alloy. On the other hand, the levels of aluminium, tantalum and titanium were higher by 
4 to 9 times, depending on the element, as compared to the bulk composition, with a small 
enrichment of chromium. With oxidation time, the levels of tantalum, titanium and tungsten 
increased, while the levels of aluminium and cobalt decreased.  
For the grey contrast oxide, the level of oxygen was below 65 at.% over all samples. The 
levels of nickel, cobalt and tantalum were lower than those detected on the bulk. Only the 
level of aluminium was higher, by about 10 at.%. Other elements such as chromium and 
titanium were found at a similar level to the bulk. Changes in the concentrations of elements 
were not clearly observed with oxidation time. 
 
Comparing the relative elemental distribution of the two different contrast surface oxides, 
the combined level of heavy elements, such as tantalum and tungsten, detected from the 
bright oxide was ten times higher than that of grey oxide, showing that the white contrast of 
the polyhedral oxides resulted from the relatively high level of these heavy elements. In spite 
of the high level of oxygen for the white oxides, the atomic number contrast of the white 
oxide was dominated by enriched heavy element. For the levels of aluminium and nickel, the 
values detected from the grey oxide were higher than the white oxides, while the levels of 
tantalum and titanium were much lower than white oxide.  
 
An interesting feature was observed in the surface chemical composition data from the 
different contrast oxides. The data suggest decomposition of the gamma-prime precipitates, 





releasing aluminium, tantalum and titanium to form these oxides. Elements such as 
aluminium, tantalum and titanium are gamma-prime forming elements in nickel-base 
superalloys. Based on the chemical composition, titanium and tantalum tended to segregate 
to form the white contrast oxides, while aluminium was more concentrated in the grey matrix 
oxide. 
 
Table 5.2 Chemical composition determined by SEM-EDX for each phase of the oxide scale as 
a function of oxidation time with recalculated composition without oxygen is displayed in 
parentheses (at.%). 





































































































































63.7 7.6 9.3 12.6 2.2 1.3 2.0 1.0 Re 
 
 
Back-scattered electron (BSE) images of the fractured oxide scales still lightly adhered to 
the surface are shown in Figure 5.4. These attached oxide scales were found in patches 
over all the samples. On the top surface, high atomic number bright contrast oxides were 
present. The oxide layer appeared to have a double-layer structure as indicated by the 
arrows. The upper layer contained relatively bright contrast polygonal-shaped grains with 
embedded white contrast small particles. A slightly darker contrast layer containing columnar 





grains was formed in the bottom layer. The overall thickness of oxide layer did not 
significantly change with oxidation time; however, the thickness of the columnar-grain lower 
layer increased with oxidation time. Also, the small white contrast particles embedded in the 
upper oxide layer appeared to have grown with exposure time.  
 
 
Figure 5.4 Back-scattered electron (BSE) images on the exfoliated oxide scale; (a) 1212, (b) 
2424, (c) 4824, and (d) 9624. 
 
 
In Figure 5.4 (d), some bright contrast was observed at the fractured interface beneath 
the columnar bottom layer. A magnified BSE image was taken from the fractured oxide scale 
of this condition (9624) (Figure 5.5). A very thin high Z contrast layer was clearly observed 
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Figure 5.6 Secondary electron micrographs of the surface of samples 2424 and 9624: (a) 
plan view of the surface oxide, (b) underside of the oxide scale, (c) newly exposed substrate 
surface of sample 2424, (d) plan view of the surface oxide, (e) underside of the oxide scale, 
and (f) newly exposed substrate surface of 9624.  






The chemical composition measured using EDX and calculated excluding oxygen on the 
underside of the surface oxide scales is shown in Table 5.3. The dominant element detected 
on the underside of the oxide was aluminium with small amounts of nickel, chromium, cobalt 
and titanium. There was no clear change in composition with oxidation time. The details of 
the oxide scale microstructure will be presented in the following sections. 
 
Table 5.3 Chemical composition determined by EDX from the underside of the spalled oxide 
with oxidation time calculated excluding oxygen (at.%). 
 Ni Cr Al Co Ti 
2424 2.4±0.3 1.1±0.2 95.6±0.8 0.5±0.3 0.4±0.1 
4824 1.3±0.2 0.7±0.2 97.7±0.5 0.4  
9624 2.8±0.2 1.1±0.1 95.9±0.6 0.7±0.1  
 
 
The chemical composition of the newly exposed alloy surface is presented in Table 5.4 
with all the elements detected shown. The elements detected were the same as the bulk 
composition with the exception of tantalum. The composition of the new surface of the alloy 
was constant within a marginal range with oxidation time. As compared to the composition of 
the bulk alloy, the levels of nickel, aluminium and titanium were lower, while the content of 
the chromium and cobalt was higher. Other elements, such as tungsten and rhenium, 
showed a similar level to the bulk composition. Surprisingly, oxygen was not detected on the 









Table 5.4 Chemical composition determined by EDX of the surface of the newly exposed 
substrate as a result of spallation of surface oxide scale as a function of oxidation time (at.%). 
 Ni Cr Al Co W Re Ta Ti 
1212 61.5 12.5 8.7 13.3 2.5 1.0  0.9 
2424 60.6 13.4 8.7 13.4 2.5 1.0  0.8 
4824 61.7 13.1 8.2 13.4 2.1 0.9  0.7 
9624 60.5 13.1 8.9 13.5 2.4 1.1  0.8 
Bulk 63.7 7.6 12.6 9.3 2.0 1.0 2.2 1.3 
 
 
The absence of oxygen on the new surface may be a key indicator of the detailed 
spallation mechanism in these high temperature oxidation experiments. To gain this insight, 
more accurate analyses using SIMS were conducted for greater sensitivity. Figure 5.7 shows 
oxygen (16O and 18O) depth profiles from an exposed alloy substrate acquired using SIMS 
analysis. If oxygen is present in the analysed area, higher counts occur as oxygen enhances 
the ionisation up to 100 times (0.007 for Al, 0.7 for Al2O3) [1]. In the profiles presented in 
Figure 5.7, the oxygen level is low, with the intensity of both oxygen isotopes on the exposed 
alloy surface remaining constant with depth for both exposures. These SIMS oxygen depth 
profiles support the EDX analyses of the new exposed alloy surfaces, which also showed a 


















5.2.2 Cross-Sectional Microstructure 
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5.2.2.1 In-situ Cross-sectional Microstructure 
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structure as observed in the fractured scale morphology (Figure 5.4). The bright grain 
boundary contrast in this layer suggests segregation of a high Z element to the boundaries. 
Finally, a featureless brighter grey contrast layer comprised the bottom layer of the scale. 
This bottom layer relates to the thin high Z layer beneath the dense columnar oxide grains 
observed in Figure 5.5.  
 
In the substrate below the scale, gamma-prime precipitates existed in all samples. The 
precipitates were observed as two areas with different size distributions - fine precipitates 
with a size of about 135 nm were observed near the surface without a gradient in size with 
depth. The width of this fine precipitates zone increased with oxidation time. Below this 
region of fine precipitates, the gamma/gamma-prime microstructure characteristic of the 
alloy was observed (Figure 5.10), with gamma-prime precipitates approximately 500 nm in 
size. 
 







Figure 5.9 Back-scattered electron micrographs of  cross-sectional of the oxide layer: (a) 
plan view of crater, (b) magnified oxide layer, (c) oxide/alloy interface area of sample 2424, (d) 
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Figure 5.11 SE images of the cross sections with accompanying elemental distributions 
from the scale layer as a function of oxidation time. 
 






The thicknesses of the scale and of each layer were measured at seven locations as well 
as the fine precipitation zone near the exposed surface of the alloy, to examine the kinetics 
of growth of each layer including the fine precipitates zone near the newly exposed surface 
of alloy (Table 5.5). With the assumption that oxidation follows a parabolic rate law rate 
constant was acquired from the measured thickness values of scales. (x2 = kpt, x: reaction 
product thickness, t: time, and kp: parabolic rate constant). The values in Table 5.5 have 
been given to significant figures; the measured values contained some inherent errors as 
described in section 3.2.7.   
The measured total thickness was 2.42 µm after 24 hours and increased to 3.95 µm after 
120 hours. The spinel upper layer remained a constant thickness (≈ 1.9 µm) with oxidation 
time. For the alumina intermediate layer, the width increased from 0.6 µm to 1.44 µm as the 
time of exposure increased. The featureless lower layer of the scale thickened from 0.15 µm 
to 0.23 µm during oxidation. The width of the fine precipitate zone in the substrate showed 
an increase from 2.6 µm to 3.7 µm with oxidation time. 
Figure 5.12 shows the thickness values for each layer with oxidation time. The surface 
scale layer grown on the alloy showed parabolic growth behaviour with a rate constant of 2.9 
x 10-13 cm2/sec.  The spinel upper layer exhibited a constant thickness with time; there was 
no contribution to the growth of scale. On the other hand, the growth of the dense alumina 
intermediate layer and the featureless lower layer followed a parabolic behaviour with 
oxidation time, having rate constants of 4.7 x 10-14 cm2/sec and 8.9 x 10-19 cm2/sec, 
respectively. The fine precipitate zone in the substrate exhibited the same behaviour as the 
alumina and lower layer, with a rate constant of 2.1 x 10-13 cm2/sec. In addition, the 
combined rate constant of alumina and the lower layer was 4.8 x 10-14 cm2/sec. The rate 































Table 5.5 Thicknesses (µm) and rate constant (cm2/sec) of each layer in oxide scale and the 
fine precipitate region in the substrate as a function of oxidation time. (10% accuracy on data) 







1212 1.9 0.6 0.15 2.4 2.6 0.8 
2424 1.9 1.1 0.17 2.8 2.9 1.2 
9624 1.9 1.4 0.23 4.0 3.7 1.7 
Rate Constant 
(cm2/sec) 
 4.7E-14 8.9E-16 2.9E-13 2.1E-13 4.8E-14 
 
5.2.2.2 Tapered Oxide Microstructure 
Generally, studies of the oxidation mechanism using isotopic oxygen are conducted 
using SIMS analysis. The distribution of the tracer oxygen by SIMS is easily acquired by 
either oxygen depth profiling or oxygen mapping on the cross-section of a sample. In the 
case of a thin oxide layer, however, these analyses can be difficult to interpret due to the 
undulating interface between the layers and the lateral resolution limit and the sensitivity of 
the detector. As SIMS is a surface analysis technique, if the area of interest, such as the thin 
oxide scale, can be elongated by producing a taper, the analysis results will have clear and 
more reliable information on the distribution of the isotopic tracer as well as other elemental 
distributions. Tapered sections of the surface scales were analysed by ToF-SIMS to 
examine the elemental distribution in the scale. In particular, the distribution of isotopic 
oxygen is a crucial indicator for the oxide growth mechanism. Figure 5.13 shows the 
distribution of negative and positive ions on the tapered scale after 120 hours of oxidation, 
acquired using ToF-SIMS.  





For the negative ions, enrichment of 16O was observed in the alumina and the spinel 
layers (Figure 5.13 (b)). The tracer 18O was concentrated beneath the 16O-enriched alumina 
layer at the interface with the substrate alloy (Figure 5.13 (c)). The overlaid 18O and 16O map 
shows the location of the tracer isotope more clearly (Figure 5.13 (d)). This indicates that the 
new oxide formed beneath the old oxide and grew into the alloy substrate. 
For the positive ions, aluminium was distributed throughout the total scale. In the case of 
titanium and tantalum, enrichment was found at the top surface (gas/oxide interface) and in 
the middle of spinel upper layer, which agrees well with the surface composition results 
shown in Table 5.2. The main alloy constituting elements nickel and chromium showed the 
highest concentration in the substrate with some enrichment in the spinel oxide layer. Most 
of the heavy elements, such as tungsten and rhenium, were also present in the substrate. 
No other positive ions apart from aluminium were detected in the continuous alumina layer. 
Although the data presented in Figure 5.13 were obtained from sample 9624, the behaviour 
and distribution of elements was similar in all samples. 
 
 









Figure 5.13 Maps obtained using ToF-SIMS showing the distribution of elements in the 
tapered oxide scale cross-section of sample 9624; (a) overview image, (b) 18O, (c) 16O, (d) 







5.2.2.3 Cross-sectional Microstructure at the Alloy Surface 
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aluminium and titanium, were lower than that of the bulk alloy. This seems to be due to the 
consumption of gamma prime forming elements through the formation of surface oxide. On 
the other hand, the concentration of other elements was relatively high compared to the 
substrate. The enrichment of matrix elements is thought to be due to the relative increase on 
the FPZ by the outward migration of gamma prime forming elements. Interestingly, the 
composition on this zone with oxidation time remained within a constant range. This 
indicates that the composition of the fine precipitate zone is independent of oxidation time. 
Subsequently, the composition on the round edged precipitates below the fine precipitate 
zone was examined. With regard to the gamma-prime forming elements, tantalum was 
present at higher levels compared to the bulk. In the case of aluminium, the concentration 
was lower than the bulk, but showed a higher level compared to the fine precipitate zone. 
The level of titanium was similar to that of the substrate and the matrix elements nickel, 
cobalt, and chromium were also at similar levels to the bulk with slight enrichment of the 
heavy elements tungsten and rhenium. Compared to the fine precipitate zone, the level of 
nickel was slightly higher and showed significantly lower levels of cobalt and chromium. Like 
the fine precipitate zone, the composition of this transitional region remained constant within 
a marginal range without oxidation time. 
Finally, the composition in the bulk of the oxidized sample was examined with oxidation 
time. For the gamma-prime forming elements, the levels were similar to the bulk alloy 
composition. Other constituting elements also showed similar levels to the bulk. There was 
no change in composition with oxidation time.  
Figure 5.15 shows an EDX line profile through the interface of the fine precipitate area 
and the substrate below. For nickel and aluminium, the levels remained constant with depth 
then slightly increased when passing across the interface into the alloy for all exposures. On 
the other hand, the concentration of cobalt and chromium showed constant levels with depth 
and then dropped through the interface. These line profiles are consistent with the 
compositional results acquired on each area (Table 5.6). 
 






Table 5.6 EDX chemical compositions on the three different precipitate zones in cross-section 
with oxidation time (at.%). 

















































































































Average 13.1 1.2 2.5 62.4 9.6 6.9 2.5 1.8 




















Based on the examination of these three areas, the distribution of elements was 
determined. First, tantalum was not detected in the fine precipitate zone which showed 
enrichment of cobalt, chromium, tungsten and rhenium. Second, there was a gradient in 
concentration of aluminium between the three areas showing the lowest level in the fine 
precipitate zone and the highest value in centre area of the section. Finally, the composition 
of each area remained within a constant range with oxidation time. 
 
5.2.2.4 TEM Cross-sectional Microstructure 
In order to obtain further details of the cross-sectional microstructure, examination and 
chemical analyses were performed using TEM.  
The cross-sectional microstructure of sample 4824 confirms the triple-layered scale as 
shown in Figure 5.16. The spinel oxide comprised the upper layer followed by a dense and 
continuous alumina. Finally, at the bottom of the scale, a thin featureless metallic layer was 
observed as a continuous darkly contrasting region. Between the scale and the substrate, a 
gap existed along the interface. The separation of these two areas was also observed in the 
fractured oxide scale microstructure (Figure 5.4) and in the in-situ milling cross-section 
(Figure 5.9). This observation in these different microstructures strongly supports the idea 
that a gap is present between the scale and substrate after the oxidation experiments and is 
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Chemical analyses performed on some areas of oxide scale are presented in Table 5.7. 
The darker grey contrast intermediate layer was composed of only aluminium and oxygen 
(point 1 and 2 in Figure 5.17 (a)), clearly identifying it as aluminium oxide and consistent with 
other measurements detailed in earlier sections. The constituent elements of the upper layer 
were nickel, cobalt, chromium, aluminium and oxygen over four areas (points 3 -6 in Figure 
5.17 (a)), confirming a complex spinel oxide. 
The composition of the white contrast particles in the upper oxide layer was also 
examined. A hafnium rich oxide was found in the spinel layer (point 1 in Figure 5.17 (b)). The 
other particles showed significant enrichment of tantalum and titanium (point 2 – 4 in Figure 
5.17 (b)). 
  
Table 5.7 Chemical composition on the oxide scale of oxidized sample 9624 (at.%). 


































   
Particles 
1 61.8 18.9  8.8 2.4 1.8   6.3 
2 58.4  7.6  4.4 0.1 7.4 16.8   
3 58.8 19.1  9.2 3.1 3.1   6.0 2.1  
4 61.1 13.5  7.2 3.5 3.5 10.3 3.5  
 
 
The bottom layer of the scale was analysed. This third layer of the scale showed a high 
















Al Ti Cr Co Ni 
4.6 0.9 11.1 12.2 71.3 
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differences between each layer are consistent with the contrast observed in BSE in SEM 
(Figure 5.9) and HAADF in TEM (Figure 5.18). 
Bright contrast at the grain boundaries of the alumina layer was observed in the in-situ 
cross-section in Figure 5.9 (f) and to a lesser extent in the STEM-HAADF (Figure 5.17 (b)). 
To determine the elemental segregation to these boundaries, they were analysed using 
STEM-EDX. The bright contrast was observed in the HAADF image of a grain boundary of 
alumina (Figure 5.19 (a)). The EDX spectrum acquired from the grain boundary showed 
hafnium along with aluminium and oxygen from the oxide (Figure 5.19 (b)). Hafnium is an 
added minor element in the bulk alloy at as much as 30 ppm. In the case of the alumina 
grain, only aluminium and oxygen were detected (Figure 5.19 (c)). So the bright contrast at 






















As noted in the literature review, the high temperature oxidation behaviour of single- 
crystal nickel-base superalloys has been studied by numerous researchers. In the present 
study, further insights into the oxidation of CMSX-4 have been revealed. The current work 
showed that the oxide scale is composed of three layers: a spinel oxide as the top layer 
containing embedded titanium- and tantalum-rich particles followed by a dense and 
continuous alumina layer. Finally, a featureless metallic layer, depleted in aluminium as 
compared to the nominal alloy composition, exists as the bottom layer. Much of the oxidised 
samples were free of surface scale and in those regions where it remained adhered, there is 
a clear gap between the metallic lower layer of the scale and the fine precipitate zone 
observed in the single crystal substrate. A common topographic feature reported in studies 
of surface oxides on alumina-forming alloys is ridges formed at the alloy grain boundaries 
during oxidation as a result of the counter-diffusion of aluminium and oxygen through grain 
boundaries [6-7]. Since a single-crystal alloy was used for this study, ridge formation was not 
observed on the surface after oxidation.  
The following discussion will focus on elucidating the nature of the three-layered scale, 
the formation of the metallic layer found in the scale and the spallation behaviour of the scale. 
 
5.3.1 Scale Microstructure 
After the oxidation experiments, most of the surface scale had spalled with some 
remaining lightly attached to the CMSX-4 substrate. The blocky oxide grains observed on 
the surface of scale were reported as spinel-type oxides [8]. In addition, the chemical 
analyses of the phases showed the composition of the complex spinel oxide to be 
approximately similar to that reported (Ni,Co)(Cr,Al)2O4 (Table 5.2). The spinel forms as a 
consequence of the reaction between a fast growing NiO or CoO formed at the initial 





oxidation stage and the Al2O3 or Cr2O3 below the NiO layer under high temperature 
exposure [9-10]. In addition, this solid state reaction proceeds at a fast rate at the initial 
stage of oxidation [9, 11]. Thus, there was no noticeable change in the composition on the 
surface of oxide scale with oxidation time due to the fast completion of the solid spinel 
reaction at the initial oxidation stage. The fast formation of NiO in the outermost layer and 
the spinel oxide was clearly observed on the heated sample in oxygen (Chapter 4). Based 
on the cross-section micrograph (Figure 5.9 and 5.16), a triple-layer scale microstructure 
was observed. As just discussed, the upper layer was a complex spinel oxide phase with 
embedded tantalum- and titanium-rich oxides. The mechanism for the spinel formation is as 
follows: during the initial oxidation stage, a NiO layer rapidly develops on the alloy surface 
due to the outward diffusion of nickel and the fast growth rate of nickel oxide [12-13]. As the 
nickel is consumed to enable the NiO growth, the instantaneous composition below the 
nickel oxide is changed to give relatively high levels of chromium and aluminium, and the 
chromium and aluminium are preferentially oxidized below the nickel oxide as discussed with 
respect to the surface oxide in the start of this section, the spinel oxide forms by the reaction 
between the outmost nickel oxide and the chromium- and aluminium-oxide formed beneath 
the nickel oxide. The oxygen partial pressure underneath the continuous spinel oxide drops 
to a low value. Beneath this spinel layer, aluminium oxide forms as a dense and continuous 
intermediate layer. The alumina shows a columnar structure due to preferential growth [14].  
The tantalum- and titanium-enriched oxide particles observed on the surface form as a 
result of the higher mobility and diffusivity of these elements in the alloy [15]. These oxides 
have been identified as CrTaO4, TiO2, and AlTaO4 in nickel-base superalloys [16-17]. The 
source of both elements is thought to be the decomposed gamma prime in the substrate.  
As well as observing the topography and chemistry of the oxide surfaces, the exposed 
alloy surface was also examined as a result of surface scale spallation after these oxidation 
experiments over all the samples. In general, the metal surface contained craters (Figure 5.9 
(c) and (f)) that are considered to be related to the oxide scale failure mechanism. Previous 





studies have related the presence of sulphur segregated to the metal/oxide interface as a 
primary cause of spallation through the reduction of interfacial strength of the metal/oxide 
interface [18-19]. In this research, EDX analysis as well as high sensitivity analysis using 
SIMS did not detect sulphur on the exposed alloy surface. Interestingly, no oxygen was 
detected on the surface over all the samples, through surface EDX analysis and SIMS 
analyses, providing a key starting point for identifying the mechanism for spallation.  
A detailed discussion of the spallation behaviour can be found in section 5.3.3. The 
chemical composition determined from EDX analyses of the exposed surface with oxidation 
time remained constant within a marginal range. This indicates that the elemental nature of 
the surface is established early in the oxidation process, remaining time-independent after 
this as oxidation proceeds. 
 
5.3.2 Cross-section microstructure 
Scale microstructure 
The third and bottom layer of the scale was featureless, containing no precipitates or 
evident grain boundaries. Based on the TEM EDX analysis, the main elements contained in 
this layer are nickel, cobalt, and chromium (94.5 at.%) with small amounts of aluminium and 
titanium (5.5 at.%) with no oxygen detected. This indicates a metallic layer comprised of the 
major alloying elements of CMSX-4. The combined level of gamma-prime forming elements 
is less than 6 at.% together in the third layer, with the level of Al + Ti being almost a third of 
that observed in the bulk alloy composition. In addition, tantalum, another precipitate-forming 
element, was not detected in this layer. The required level for gamma-prime formation is at 
least above 7 at.% Al based on the Ni-Al phase diagram [20]. This means that the gamma-
prime precipitate is unlikely to form and cannot be present due to the deficiency of gamma-
prime forming elements. This gamma-prime free zone beneath Al2O3 was observed in 
previous studies on the oxidation behaviour of single-crystal nickel-base superalloys [21-22]. 





The depletion of titanium and tantalum in this metallic layer results from fast outward 
diffusion, at the initial stage of oxidation, to form the titanium- and tantalum-rich oxides in the 
spinel upper layer. The migration of both elements might be completed before the protective 
alumina formation [2]. In the case of aluminium, the depletion results from the formation of 
aluminium oxide in the spinel and the protective alumina layer at the oxide/metal interface 
during the total exposure period to high temperature. Consequently, the formation of the 
precipitate-free zone is controlled by inward diffusion of oxygen via the oxide grain 
boundaries.  
The existence of the precipitation free zone beneath the alumina oxide layer for the 
spalled or lightly adhered oxide scale has not been reported in the previous studies on the 
high temperature oxidation behaviour of single-crystal nickel-base superalloys. The reason 
for that is thought to be due to the difficulty in examining the oxide scale at this interface due 
to the challenge of sample preparation for cross-section observation of the spalled oxide or 
lightly adhered scale. In this study, the shortcoming was overcome by the use of advanced 
in-situ cross-sectioning using FIB-SEM and TEM sample preparation using a lift-out method, 
to facilitate such observation.   
Another microstructural feature in the scale is the formation of voids in the spinel upper 
layer over all samples. Void evolution in the spinel layer may be related to the solid reaction 
forming the NiAl2O4 spinel. In the initial stage of oxidation, NiO exists in contact with Al2O3. 
These phases react according to the reaction NiO + Al2O3 = NiAl2O4 [23-24]. A similar 
reaction was observed on Ni-Cr alloys through the transformation of NiO into NiCr2O4 [25-26]. 
Vacancies result from the reaction for NiAl2O4 between the inner alumina and the outer NiO 
oxide layers by non-uniform transport. Smialek and Gibala suggested the voids in scales are 
formed as a result of oxygen vacancy condensation during transport through the scale [27]. 
In order for vacancies to form voids, condensation of vacancies is required. Stringer 
suggested that an incoherent boundary in the scale is an effective vacancy sink [28]. In 
addition, the Ta- and Ti-rich oxide particles contained in the spinel layer are thought to be 





effective sites for vacancy condensation. Thus, voids in the spinel layer were typically 
observed surrounding the Ta- and Ti-rich oxides. 
 
Oxide growth mechanism 
The further growth of the oxide scale is controlled by the migration of chemical species 
through the protective alumina and outer spinel. However, there is a controversy regarding 
the main mechanism for oxide growth in the presence of an alumina layer. Some studies on 
the mechanism for oxide growth have suggested simultaneous involvement of inward 
oxygen and outward aluminium diffusion [29-30]. Another proposed idea for the alumina 
oxide growth suggests predominant inward oxygen diffusion, which was confirmed using an 
isotopic oxygen two-stage oxidation experiment with SIMS analysis [31]. 
In order to help clarify the argument on the alumina oxide growth mechanism, the 
tapered sections milled in the oxide scale were analysed with ToF-SIMS. As shown in Figure 
5.13 (c), a band of tracer isotope 18O was concentrated at the bottom area of the alumina, 
highlighting the interface with the alloy substrate. Furthermore, the distribution of the isotopic 
tracer oxygen was clearly shown by the overlapping of 18O on the distribution of 16O (Figure 
5.13 (d)). This indicates that the new oxide forms at the interface of the alumina/substrate; 
thereby, the aluminium oxide grows inward toward the alloy substrate. The mechanism 
suggested that the growth of alumina is evolved by inward oxygen migration through the 
existing aluminium oxide, most probably along alumina grain boundaries.  
 
Oxide growth kinetics 
The oxide thickness in the in-situ cross-section of the surface scale was measured to 
investigate oxide growth kinetics (Figure 5.12 and Table 5.5). The total thickness of surface 
scale was increased from 2.42 µm to 3.95 µm after 24 hours and 120 hours, respectively. 
The surface scale was grown at a rate of 2.9 x 10-13 cm2/sec with a reliability of 99.3%. The 





reliability value was acquired on the assumption that the scale growth obeys the parabolic 
rate law.  
As described in the previous section, the surface scale was composed of three different 
layers, so there is the need to consider the contribution of each layer to the total growth rate. 
First, the thickness of the outer spinel layer did not change significantly with oxidation time. 
This agrees with previous work where no contribution to the growing thickness of the oxide 
layer by the spinel layer was observed in the study on the oxidation behaviour of single-
crystal nickel-base superalloys [9]. In the case of the alumina layer, the rate constant was 
4.7 x 10-14 cm2/sec with oxidation time with a precision of 91.8%. The rate constant for the 
final layer, the precipitate-free region, was 8.9 x 10-16 cm2/sec with a precision of 99.7%. This 
clearly shows that the upper spinel layer is not involved in the oxide growth with oxidation 
time. Consequently, the growth of surface scale is dominated by the growth of both the 
alumina layer and precipitation-free zone. The rate constant of the combined two layers is 
4.8 x 10-14 cm2/sec at 1100°C with oxidation time. This value is 1.5 orders of magnitude less 
than that for the total scale rate constant (2.9 x 10-13 cm2/sec). Consequently, when the rate 
constant of the scale is used for any purpose such as life prediction, an appropriate rate 
constant must be used to produce a reliable result. 
 
Grain boundary microstructure of alumina 
As part of the detailed investigation of the oxide growth mechanism, the microstructure of 
the alumina grain boundaries was examined. The grain boundary of alumina provides a fast 
migration path for elements owing to high the diffusivity through the boundary compared to 
the lattice [32]. In the STEM EDX analysis, hafnium was found on the grain boundary in the 
inner alumina layer. Hafnium is well known as one of the effective reactive element additions, 
providing significant improvement in the adhesion of oxide scales [33-34]. As mentioned 
before, the continuous alumina layer was grown by inward oxygen diffusion through the layer. 





The diffusivity of oxygen via the grain boundary of the alumina is very high, about six orders 
faster compared to that through the lattice of the alumina [35-36]; however, the continued 
growth of the alumina layer suggests that the hafnium at the grain boundaries of the alumina 
is not fully effective at suppressing the inward oxygen migration through the grain 
boundaries. On the contrary, the outward diffusion of aluminium is effectively blocked by the 
hafnium occupying at the grain boundary of alumina based on the growth direction of 
alumina. According to computational studies on the behaviour of the elements aluminium, 
hafnium and oxygen in alumina, both positive ions (Al and Hf) and the negative ion (O) 
migrate through the alumina grain boundary simultaneously [31, 37]. There are some 
preferred sites for elemental migration on the grain boundary of the alumina. The negative 
oxygen ions, however, migrate using a different site from the positive ions on the grain 
boundaries of alumina [38]. Thus, the inward fluxing oxygen can reach the interface of 
alumina/alloy via their unique sites at the alumina grain boundaries. This idea is supported 
by the isotopic tracer oxygen (18O) enrichment at the alumina/alloy interface (Figure 5.13).  
For the case of hafnium and aluminium ions, both elements compete for the same site 
on the grain boundaries of alumina; however, the tendency for available site occupation of 
positive ions is stronger for hafnium than for aluminium [32]. Moreover, the diffusion rate of 
hafnium (8.5 x 10-15 m2/sec) is faster than aluminium (2.0 x 10-15 m2/sec) in the alloy [39-40]. 
Therefore, the available migration sites for positive ions in the alumina grain boundaries are 
preferentially occupied by hafnium. Subsequently, the outward migration of aluminium is 
effectively blocked by the hafnium-occupied sites on the alumina grain boundaries.  
 Consequently, the oxide growth evolves by the formation of new oxide at the interface 
between old alumina and the alloy substrate. The new oxide forms by the reaction as follows: 
inward diffusing oxygen through the alumina grain boundaries uses available sites for 
negative ions to reach the alumina/alloy interface. Simultaneously, outward diffusing 
aluminium from the substrate region below the pre-existing alumina layer reaches the 
interface where it cannot pass through the dense alumina due to the occupation of the grain 





boundary sites by hafnium. As a result, the new oxide is formed by the reaction of oxygen 
and aluminium at the alumina/alloy interface.  
 
Cross-section microstructure near the exposed alloy surface  
In the metal surface exposed by the spalled scale, a very fine (135 nm) precipitate zone 
(FPZ) was found to a depth of 3.7 µm. The chemical composition in this area was constant 
with oxidation time. For aluminium, which is the main gamma-prime forming element, the 
average concentration, across the various exposure conditions, was 8.3 at.%. At the 
oxidation temperature (1135°C), it is proposed that this region is a solid solution, based on 
the concentration referred to the Ni-Al phase diagram [20]. Although this assumption is 
based on the binary phase diagram, it is known that chromium and cobalt depress the solvus 
temperature, while tungsten, tantalum and rhenium increase it relative to a binary alloy [41]. 
The measured compositions (Table 5.9) show the following levels relative to the nominal 
composition. 
Table 5.9 Average chemical composition measured on the fine precipitate zone (PFZ) (at.%). 
 
Al Ti Ta Ni Co Cr W Re 
FPZ 8.3 0.7  61.6 13.0 11.9 2.7 2.0 
Nominal 
composition 
12.6 1.3 2.2 63.7 9.3 7.6 2.0 1.0 
 
It is clear that the region is enriched in elements that depress the gamma-prime solvus 
relative to the binary phase system, making the use of the binary phase diagram a 
conservative approach. 
The composition profiles using EDX line analysis from the top surface to its termination 
in the alloy substrate also provide strong evidence for a homogeneous solid solution at the 
oxidation temperature. As the temperature falls during cooling, the given composition of this 
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5.3.3 Spallation behaviour of surface scale 
Onset of spallation 
After the oxidation experiments, most of the surface scale formed on the alloy was 
spalled away exposing the alloy surface. Cooling of the samples was done with a very slow 
rate (furnace-off cooling) to minimize thermal stresses in the scale. The onset of the scale 
spallation is likely to have occurred during cooling down, as reported by previous studies of 
the oxidation behaviour of nickel-base superalloys [43-46]. In the case of cyclic oxidation 
testing of CMSX-4, the breakaway of surface scale occurred at a temperature of around 200 
- 500°C during the cooling stage [43].  
Based on the EDX analysis on the exposed alloy surface, little oxidation of this surface 
occurred since oxygen was not detected on any of the sample surfaces. This clearly 
indicates that the spallation of the scale occurs during cooling. Once any damage occurs to 
the oxide scale at high temperatures, such as cracking through the scale, during heating or 
the isothermal hold, oxygen ingress would result in significant oxidation of alloy and 
detection of oxygen. According to a study on the oxidation behaviour of a nickel-base 
superalloy through the in-situ observation, chromium oxide was firstly formed around 850°C. 
In the present study, it appears that the surface scale was spalled at low enough 
temperature during cooling from 1100°C not to cause detectable oxidation of the newly 
exposed alloy surface.  
 
Spallation location and mechanism 
Generally, the spallation of the surface scale grown on the alloy is believed to occur at 
the oxide/alloy interface due to the difference in thermal expansion coefficient of both layers 
during cooling from oxidation temperature [47-48]. In this study, however, the surface scale 
layer spalled at the interface between the precipitate free zone (PFZ) and the fine precipitate 





zone in the alloy for all samples. The gap at the interface was confirmed in the various 
samples observed, such as the fractured scale (Figure 5.4), in-situ cross-sectional crater 
image (Figure 5.8) and TEM cross-section (Figure 5.15).  
In order to elucidate the spallation behaviour observed in this study, an explanation 
beyond simple debonding between the ceramic oxide and the metal substrate is required. 
  
5.3.4 Calculation results for strength 
After oxidation experiments on CMSX-4 at 1100°C, most of the surface scale was 
spalled away over all the samples with the cross-sectional microstructure showing a gap 
between a thin metal layer at the bottom side of spalled scale and the exposed surface of 
the alloy substrate. No precipitates were observed in the thin metal layer. On the basis of the 
chemical composition, the metal layer can be considered as gamma matrix phase, which is a 
stable phase in the temperature range from room temperature to 1100°C. The surface 
exposed by the spallation comprised the fine precipitate zone (FPZ) of the substrate. The 
size of precipitates was about 135 nm, occupying about 50 % fraction in the FPZ.  
In order to elucidate the spallation behaviour between these two areas, basic mechanical 
properties were calculated using simulation software (JMatProTM) during cooling from the 
oxidation temperature. The calculations were based on the compositions determined by EDX 
in each area.  
The acquired mechanical properties are as follows: 0.2% proof yield strength (σ0.2), 
ultimate tensile strength (UTS), hardness (HRc), Young‟s modulus (E), thermal expansion 
coefficient (α), shear modulus (G), Poisson ratio (), density (ρ), and bulk modulus (B) are 
shown in Table 5.9. 
For the case of the precipitation free zone (PFZ), the values of σ0.2 and UTS did not 
change during cooling with a value of 402 MPa and 813 MPa, respectively. On the other 





hand, in the case of the fine precipitation zone, the values of σ0.2 and UTS increased from 
783 MPa and 1176 MPa at 800°C to 1240 MPa and 1558 MPa at 20°C, respectively. This is 
as a result of the formation of the gamma-prime precipitates during cooling. As can be seen 
in Table 5.9, the mechanical strength in the FPZ is significantly higher than that in the PFZ 
during cooling. In addition, the difference in mechanical strength between the PFZ and the 
FPZ is increased as the temperature is lowered.  
 
Table 5.9 Mechanical properties of the precipitate free zone (PFZ) and the fine precipitate zone 
(FPZ). 















1100 402 803 142 21.48 52.22 0.359 168 
900 402 803 156 20.11 57.79 0.351 175 
800 402 803 163 19.37 60.60 0.347 178 
700 402 803 170 18.60 63.43 0.343 181 
500 402 803 185 16.95 69.12 0.336 188 
200 402 803 206 14.23 77.76 0.325 196 
20 402 803 218 12.45 83.00 0.318 201 















800 783 1176 181 18.72 67.35 0.340 189 
700 916 1285 188 17.69 70.39 0.335 190 
500 1086 1417 202 15.69 75.98 0.327 194 
200 1180 1489 220 12.71 83.53 0.317 200 
20 1240 1558 227 11.01 86.39 0.311 200 
  
 
Data on the high temperature mechanical properties of a single-crystal nickel-base alloy 
as a function of the amount of gamma-prime gives a good guide to the spallation behaviour 





of the surface scale. The creep rupture lives of single crystal superalloys TMS 75 and TMS 
82+ were examined as a function of gamma-prime volume fraction at 1100°C [49]. In the 
case of 0% gamma-prime like the PFZ, the alloy instantly ruptured when the load was 
applied. The alloy with 50% gamma-prime fraction, like FPZ, showed a longer life range from 
50 hours to 200 hours depending on the alloy. Also, according to a study on the 0.2% flow 
stress of the alloys as a function of gamma-prime volume fraction, the values of 0.2% flow 
stress for 0% were 280 MPa and 200 MPa at room temperature and 500°C, respectively. 
For the case of the alloy containing 50 vol.% of gamma-prime, the values of 0.2% flow stress 
were approximately 500 MPa over the temperature range from room temperature to 500°C. 
The differences in 0.2% proof stress between alloys containing 50 vol.% and 0 vol.% gamma 
prime were 220 MPa and 300 MPa at room temperature and 500°C, respectively [50]. The 
difference in 0.2% flow stress surpasses the 0.2% yield stress of 0% gamma prime alloy at 
500°C. On the other hand, the difference in 0.2% flow stress at room temperature is lower 
than that of the single gamma phase alloy. Presumably, the surface scale might be spalled 
away at the interface of two alloy zone (PFZ and FPZ) due to the difference yield stress 
between two alloys at the intermediate temperature during cooling. In addition, the 
simulation results for the mechanical properties of the PFZ and FPZ exhibited the higher 
strength of the FPZ over the PFZ over all the temperature range.  
Even though the difference in mechanical properties between the oxide scale and PFZ 
are expected to be greater (spallation at the oxide/metal interface), the reason for the 
adherence between the alumina and the PFZ is thought to be due to the irregular interface 
having a pegging role and accommodation of the compressive stress is due to the voids in 
the scale. Consequently, the spallation occurs at the second weakest interface of two 
phases in the system, the PFZ and FPZ. 
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The reactive element effect on the oxidation behaviour was investigated for lanthanum 
(La) doped CMSX-4 alloy. Samples of this alloy were subjected to isotopic oxygen exchange 
during the high temperature exposure experiments. After oxidation, the surface topography 
of the samples was examined using FEG-SEM. Subsequently, the chemical composition and 
elemental distribution on the surface and across the cross-section of various samples with 
different exposures were studied using the energy dispersive X-ray spectrometer (EDX).  
To acquire microstructural information on cross-sections of oxidized samples, the FIB-
SEM was used to prepare very smooth cross-sections avoiding damage to and loss of the 
oxide scale produced by conventional cutting and polishing processes. In addition, milled 
lamellae cross-sections were analyzed to examine the chemical information in each oxide 
layer using STEM EDX. High sensitivity chemical analyses were conducted using time-of-
flight – secondary ion mass spectrometry (ToF-SIMS) on tapered sections produced in the 
surface scale, with particular attention paid to lanthanum. 
 
6.2 Results 
6.2.1 Surface Microstructure 
The detail experimental sequence conducted by the unique isotopic oxygen exchange 
experiments on lanthanum doped CMSX-4 is presented in Table 6.1 
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For the lanthanum doped superalloy, the visual examination revealed uniform dark green 
surface oxide well adhered on the alloy without any spallation over all samples (Figure 6.1).  
 
 
Figure 6.1 Plan view of the oxidised samples of CMSX-4(La) in 16O2 and then 
18O2-enriched 
atmospheres at a pressure of 0.2 atm. at 1100°C with varying exposure times up to 120 hours. 
 
 
The surface morphologies of the oxide scale grown on the surface of the alloy after 
isotopic oxygen exchange experiments were examined. Figure 6.2 presents a series of 
back-scattered electron images showing the surface morphology of the oxide scale after the 
various oxidizing conditions. For the sample La-1212, there were three different contrast 
grains with irregular shapes on the surface. Small white particles with an average size of 
0.96 µm (19.4 % area fraction) were present in a dark grey contrast matrix (61.2 % area 
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Table 6. 2 The chemical composition of each phase on the surface oxide scale of the oxidized 
La-doped samples displayed in at.%. 














































































































































































For the white contrast phases, the levels of nickel and cobalt were much lower than for 
the alloy composition, but showed enrichment of chromium. The levels of nickel and cobalt 
decreased with oxidation time. On the other hand, the level of the gamma-prime forming 
elements such as aluminium, titanium, and tantalum in the alloy exhibited higher levels than 
the alloy composition. In addition, their levels increased with oxidation time. In particular, the 
level of aluminium increased as much as three times compared to the bulk composition, 
while the level of titanium and tantalum rose as much ten times as compared to those of the 
as-received sample. 
For the grey contrast phase comprising the matrix of the oxide scale, the main 
constituent elements were nickel, cobalt, chromium and aluminium. In particular, the level of 
aluminium was in excess of four times that of the alloy. In the case of chromium, its level 
increased from the detected 7.6 at.% to 10.6 at.% after oxidation. For the nickel and cobalt, 
the level dropped to one half that of the as-received sample. The levels of nickel, cobalt and 
chromium dropped as the time of exposure increased, but to a lesser extent compared to the 
white contrast phase, while the level of aluminium increased with oxidation time. Contrary to 
the white contrast phase, the level of tantalum was lower than the as-received alloy. There 
was no clear change in the amount of titanium and tantalum with oxidation time. For oxygen, 
its level was about 75 at.% and 66 at.% on the white and grey contrast phases, respectively.  
Prior to investigation of the cross-sectional microstructure of the scale on the oxidized 
samples, the fractured scaled areas of the specimen was observed to provide some 
guidance for further study on the transverse microstructure. Figure 6.4 presents fracture 
micrographs of the surface oxide scale that was adherent on the La-doped samples after 
oxidation. In the areas where the oxide scale remained, the scale was well adhered to the 
surface. A double-layered oxide morphology was observed on the fractured side plane of the 
scale. Polygonal oxides existed in the upper layer, while the bottom layer was composed of 










6.2.2 Cross-sectional microstructure 
6.2.2.1 In-situ cross-section microstructure 
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Table 6. 3 Thickness (µm) and rate-constant (cm2/sec) of each layer in oxide scale and near the 
substrate with oxidation time. 



















1.3 x 10-13 3.3 x 10-14 2.9 x 10-13 5.3 x 10-13 
Standard deviation 
1.1 x 10-14 4.6 x 10-15 2.1 x 10-15 8.8 x 10-14 
 
Below the surface oxide scale, details of a fine precipitate region that existed for all 
samples can be seen in Figure 6.8 (a). The width of the fine precipitates region slightly 
increased with oxidation time. The size distribution of the fine precipitates was homogeneous 
over the region (Figure 6.8 (a)-(b)). Decomposition of the coarse alloy matrix precipitates 
was observed at the boundary with the fine gamma-prime precipitates (Figure 6.8 (b)). In 
addition, examination of the lower oxide layer revealed segregation of high atomic number 
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boundary with the lower layer with oxidation time. The interface between the bottom layer 
and the subtrate also showed an irregular outline. Although the interface is not planar 
(Figure 6.6), the tapering magnifies the irregularities and the highly irregular interface 
observed in Figure 6.9 results from the tapering. Dark contrast island internal oxides existed 
in the metal substrate. These were also observed in the 90° cross-section (Figure 6.6).  
To gain an insight into the distribution of elements in the scale, EDX analyses were done 
on the tapered oxide scale of the sample La-9624 (Figure 6.10). In the case of oxygen, there 
was a homogeneous distribution throughout the scale region with a detection of the islands 
in the metal substrate. For aluminium, the lower layer demonstrated more enrichment than 
the upper layer. Nickel was detected in the upper layer and the substrate area. Consistent 
with previous work, the upper layer is a nickel aluminium complex spinel and the lower is 
aluminium oxide.  
A more detailed examination of the internal oxide islands, as seen in Figure 6.9, where 
the micrographs were taken below the alumina oxide layer (Figure 6.11). The tapered 
geometry reveals more internal oxides that the 90° section (Figure 6.6) as it intersects more 
planes. In the tapered sections, the internal oxides were randomly distributed with a size of 
about 1 µm. The EDX point analysis was conducted on at least five internal oxide islands 
(Table 6.4 ).  
The internal oxide islands contained metallic elements with a significant level of oxygen. 
For the case of aluminium and oxygen, the level of both elements was increased from 37.2 
at.% and 43.2 at.% to 57.6 at.% and 59.1 at.% after 24 hours and 120 hours oxidation, 
respectively. Interestingly, hafnium was detected in the internal oxide islands for all samples. 
The level of hafnium remained constant at around 9.0 at.% from 48 hours oxidation. The 
concentration of hafnium was enriched by 300 times as much as the nominal 
composition.The amount of oxygen detected for the internal oxides was directly proportional 
























?????? ??? ? ???? ????????? ???????????? ??? ???? ????????? ??????? ??? ?????? ?????????? ??? ?????????
????????????????????????? ?????? ?? 































































63.7 9.3 7.6 12.6 1.3 0.03  
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In order to ascertain any compositional changes to the adjacent alloy below the lower 
aluminium oxide layer, EDX analyses were done on a minimum of five areas with 
dimensions of 4 µm x 4 µm. The results are shown in Table 6.5. The main constituent 
elements were nickel, cobalt, chromium and aluminium. As compared to the nominal 
composition of the bulk alloy, the level of cobalt and chromium was found to have increased. 
In the case of the gamma-prime forming elements, such as aluminium, titanium and tantalum, 
their levels were found to have decreased, while the tungsten and rhenium showed a slight 
incremental increase compared to the bulk composition. No oxygen was detected in the 
metal for all the samples. A feature in the chemical anayses on this region was that the level 
of detected elements remained at a constant value within a marginal range with oxidation 
time. As mentioned in the Chapter 5, the metal substrate region below the lower oxide layer 
was a solid solution state at the oxidation temperature and then experienced precipitation of 
gamma-prime when the in-situ composition reached the solvus line during cooling down. In 
addition, the homogeneous distribution in the size of the precipitates supports this 
precipitation process during cooling. Further evidence for this process is the constant level of 
elements with oxidation time. 
 
Table 6. 5 Chemical composition on the substrate area surrounding internal oxide islands 
(at.%). 







































Average 60.7 13.1 12.8 6.7 0.8 1.3 3.0 1.8 
Nominal composition 
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6.2.2.3 Cross-section microstructure of the substrate alloy 
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the central area of the sample was similar to the nominal composition. No variation in the 
composition of both the altered gamma-prime zone and the centre area with oxidation time 
was observed. 
 
Table 6. 6 Chemical composition on each area of substrate alloy with oxidation time (at.%). 
Area Condition Ni Co Cr Al Ti Ta W Re 
Fine 
Ppt. 
La-1212 59.0 12.9 12.7   7.6 0.8 1.4 3.2 2.5 
La-2424 60.7 12.7 12.4   7.0 0.8 1.5 3.0 2.2 
La-4824 60.2 12.9 12.2   7.7 0.7 1.4 2.9 2.0 
La-9624 60.2 13.0 12.7   7.0 0.8 1.4 3.2 2.3 




La-1212 63.3 10.0   8.0 10.3 1.3 2.5 2.8 1.8 
La-2424 63.2   9.9   8.0 10.8 1.3 2.7 2.6 1.5 
La-4824 64.4   9.6   7.3 10.9 1.4 2.8 2.4 1.1 
La-9624 63.1   9.9   7.9 10.6 1.4 2.8 2.8 1.4 
Average 63.5   9.9   7.8 10.7 1.4 2.7 2.7 1.5 
Centre 
ppt. 
La-1212 63.2  9.5   7.2 12.7 1.3 2.4 2.3 1.3 
La-2424 62.1 10.1   7.6 12.1 1.3 2.4 2.6 1.9 
La-4824 62.8   9.6   7.1 12.9 1.3 2.5 2.4 1.4 
La-9624 62.6   9.8   7.7 12.2 1.3 2.4 2.4 1.5 
Average 62.7   9.8   7.4 12.5 1.3 2.4 2.4 1.5 


















6.2.2.4 TEM cross-section microstructure 
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Table 6. 7 Chemical composition data from the oxides of scale grown on the La-9624 (at.%). 
Point O Al Ni Cr Co Ta Ti Hf 
1 63.0 5.3 1.0 4.0  13.6 13.1  
2 64.8 24.4 7.3 1.9 1.4  0.2  
3 64.2 17.4 8.6 3.0 1.4 3.7 1.7  
4 61.8 10.7 4.8 4.4 0.7 11.8 5.8  
5 63.2 16.4 6.9 1.5 1.3   10.7 
6 60.3 19.0 8.5 2.1 2.1   8.0 
7 59.2 26.4 10.6 2.4 1.4    
8 49.7 12.8 0.5     37.0 
9 56.9 18.1      25.0 




The segregation noted at the grain boundaries of the alumina (Figure 6.18 (a) and (b) 
was found to be hafnium. In addition, a small amount of hafnium was detected at the 

























oxidation mechanisms. Figure 6.19 shows the distribution of oxygen-16 and oxygen-18 in 
the tapered scale grown on the La-doped sample with oxidation time. The oxygen-16 was 
distributed over all the oxide showing enrichment in the spinel and alumina layers. In the 
case of the isotopic tracer oxygen-18, a high intensity was shown at the bottom of the 
alumina layer adjacent to metal substrate. Also, the isotopic oxygen was found in the spinel 
layer for all samples, with an increasing enrichment of the distribution of isotopic oxygen 
near the spinel/alumina interface with oxidation time. After the shortest exposure, the tracer 
oxygen was distributed uniformly over all the spinel layer; however, the distribution changed 
into the pattern of clusters near the interface of the spinel-alumina layers with oxidation time. 
To show the clear distribution pattern of both oxygen isotopes, a map of 18O normalized to 
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6.2.3.2 Positive ion distribution in oxide scale 
The distributions of metallic elements across the oxide scale grown on the alloy are 
presented in Figure 6.21 (La-1212) and Figure 6.22 (La-4824). In the La-4824, only 
aluminium was detected across the alumina layer with no other metallic elements detected 
(Figure 6.22). Fast diffusing elements in the nickel base alloy such as titanium and tantalum 
were enriched on both the top surface and the middle of spinel oxide layer. For the case of 
heavy elements such as tungsten, rhenium and lanthanum, their intensities were high in the 
alloy substrate with a dilute concentrations in the spinel area and top surface. In the case of 
major elements such as nickel, cobalt, and chromium, the enrichment of those elements was 






























6.2.3.3 Lanthanum distribution in oxide scale 
Figure 6.23 presents ToF-SIMS data from a 60 µm x 60 µm area from the La-4824 
condition. Using post-processing, lanthalum line profiles were acquired from ten locations 
throughout the scale.  
The quantative data for detected lanthanum is presented in Table 6.8. For the quantative 
analysis of the lanthanum distribution, the sum of the lanthanum intensities per micrometer 
was acquired. Lanthalum was detected throughout the oxide scales for all exposures. The 
highest level of the intensity was acquired from the subtrate area, with other intensities 
ranked for the spinel, followed by the alumina, then the surface. With oxidation time, the 
intensity increased across all regions. 
For the detection frequency for lanthnum on each region, the number of detected points 
per micrometer was taken and presented in Table 6.8. For the case of the sample La-9624, 
the detected number for lanthanum per micrometer was 1.8, 2.0, 1.6 and 3.2 on the top 
surface, spinel layer, alumina layer, and metal substrate, respectively. The detection 
frequency of lanthanum showed the same trend across all the samples. In addition, the 
intensity of lanthanum of each detected point was examined (Table 6.8). The intensity had 
the highest level in the subtrate area and was then followed by the spinel layer, the alumina 
layer and the surface. 
All the quantative data analyses showed the highest lanthanum content in the substrate, 
but with significant levels detected in the scale with the highest in the spinel, followed by the 
































Table 6. 8 Analyzed data through the post-processing in terms of intensity and frequency per 
micrometer with oxidation time. 















































































The effect of lanthanum doping on the high temperature oxidation behaviour of CMSX-4 
alloy was investigated by a two-stage oxidation experiment using isotopic oxygen. The 
surface oxide scale grown on the alloy was well adhered to the alloy substrate. In this 
section, the oxidation behaviour of the La-doped alloy will be discussed focusing on the role 
and distribution of doped lanthanum. 
 
6.3.1 Surface microstructure 
 
After oxidation exposures of La-doped CMSX-4 alloy, the surface oxide scale was well 
adhered on the alloy substrate for all samples examined with two different contrast oxides 
present on the surface. The white contrast oxide particles contained heavy elements such as 
tantalum, tungsten and titanium elements with strong affinities for oxygen. The formation of 
tantalum- and titanium-rich oxides was as a result of outward diffusion from the substrate 
due to the high mobility and diffusivity of these elements in the alloy [1-2]. These oxides 
have been characterised as CrTiO4, TiO2, and AlTaO4 in nickel-base superalloys [3-4]. 
These elements are believed to come from the decomposed gamma prime precipitate in the 
substrate. On the other hand, the grey contrast oxide comprising the matrix of the surface 
oxide is proposed to be a complex spinel oxide such as (Ni,Co)(Cr,Al)2O4 based on the 
chemical composition. The formation of the spinel oxide on nickel-base superalloys is 
reported to proceed at a very fast rate through the solid state reaction between the NiO or 
CoO and Cr2O3 or Al2O3 at the initial oxidation stages [5-7]. No ridges, which usually formed 
as a result of the counter-diffusion of aluminium and oxygen through grain boundaries in the 
polycrystalline alloys [8-9], were observed on the surface of the oxide scale due to the use of 
a single crystal alloy. 






Based on the cross-section micrographs (Figure 6.6, 6.14, and 6.16), a double-layer 
scale microstructure was observed. The spinel oxide phase existed with embedded 
tantalum- and titanium-rich oxide as the upper layer.  
The bright contrast oxides were distributed through the upper oxide layer for all 
exposures. The phases were identified as tantalum- and titanium-rich oxide, with above 10 
at.% of tantalum and titanium with over 60 at.% of oxygen (point 1 and 4 in Figure 6.17). 
These oxides form as a result of the fast diffusion rate of the metallic species and their 
strong affinity for oxygen. The lower level of both elements in the fine precipitate zone as 
compared to the nominal composition supports the fast outward diffusion of tantalum and 
titanium before the formation of a continuous and dense alumina oxide layer. 
Further segregation of heavy elements into the scale was evidenced by the bright white 
contrast at the grain boundaries of the alumina lower oxide layer (point 8 and 9 in Figure 
6.17), which showed a high level of hafnium above 25 at.%. In addition, some hafnium-rich 
oxides were found at the bottom area of the spinel layer near the alumina layer (points 5, 6 
and 10 in Figure 6.17). Hafnium is the faster diffusion element of the various metallic 
elements (Re, Ni, Cr, Ta, Ti, and Hf) over the temperature range 900 - 1300°C in nickel 
alloys [10]. The location of the hafnium on the grain boundaries of the alumina results from 
segregation of hafnium due to the “segregation size effect” (i.e., the larger cations exhibit a 
larger segregation tendency) [11-12]. The segregation of hafnium to the grain boundaries of 
the alumina scale was characterised using STEM EDX on doped superalloys [13].  
Voids were observed along the spinel/alumina interface for all samples. Void formation 
has been observed at the interface between Al2O3 and NiAl2O4 [14-15]. The void formation 
near the spinel/alumina interface is a result of vacancy injection during formation of the 
spinel and subsequent condensation into voids. The inward growth of the alumina layer from 
this interface results in the void being trapped at the spinel/alumina interface [14].  





The continuous and dense alumina lower oxide layer contained columnar grains. Since 
the oxygen activity below the spinel layer is low, aluminium is available as mobile species 
resulting in the formation of an exclusive alumina bottom layer. The columnar shape of the 
alumina oxide is reported to be formed as a result of this preferential growth direction [16]. 
 
6.3.2.2 Substrate microstructure 
In all the samples, the substrate adjacent to the oxide scale contained fine gamma-prime 
precipitates beneath the alumina oxide layer; however, the precipitates were present up to 
the metal/oxide interface unlike the region depleted of gamma-prime precipitates in the 
undoped CMSX-4 alloy. Based on the composition of this region, the level of aluminium was 
on average 7.3 at.% with the equivalent fraction of other gamma-prime formers (0.8 at.% Ti 
and 1.4 at.% Ta), above the critical amount of aluminium (7.0 at.%) for gamma-prime 
precipitate formation based on the Ni-Al phase diagram [17]. As a result gamma-prime 
precipitates with a smaller size than the starting microstructure during cooling. The 
precipitates remain small due to the lack of time to grow due to the continuous cooling and 
lower solute levels than the bulk. It is interesting to note that precipitation in this region was 
not observed after rapid cooling from the oxidation temperature as shown in Figure 5.19, 
showing the effect of cooling rate on this phenomenon. The homogeneous size distribution 
with depth in this region is evidence that no outward diffusion of decomposed elements of 
precipitates occurs because of the concentration gradient. Using a simplified binary alloy 
approach, according to the phase diagram of the Ni-Al system, the fine precipitate zone 
(FPZ) should be a solid solution at the oxidation temperature based on the measured 
aluminium composition [17]. During cooling down from the oxidation temperature, the region 
reaches the solvus line and precipitation begins homogeneously over the region. The 
constant elemental line profiles in the FPZ supports the presence of a homogeneous solid 
solution at temperature. In addition, the composition and elemental line profiles remained 
constant with oxidation time (Figure 6.15). If a significant compositional variation existed 





across this zone, a gradient in the size and composition with the depth of the precipitates 
would be expected. In the FPZ, the levels of cobalt and chromium were higher than the 
nominal composition demonstrating the barrier role of the dense alumina oxide layer to the 
outward diffusion of chromium and cobalt. In addition, the oxygen partial pressure in the 
region makes the both elements immobile in the region. The same explanation can be 
applied for the higher levels of tungsten and rhenium in the FPZ compared to the nominal 
composition together with low diffusivity of both elements in the alloy [10]. 
Beneath the fine precipitate zone, altered gamma-prime precipitates were observed for 
all samples. The loss of the regular square shape results from decomposition of the 
precipitates through solid state diffusion. The irregular morphology at the interface with the 
FPZ clearly shows the outward movement of material from the gamma-prime precipitates 
(Figure 6.8), indicating diffusion of gamma-prime forming elements to the metal/oxide 
interface. The chemical composition in this region was similar to the bulk composition except 
for the slightly low level of aluminium. The content of the aluminium was 10.7 at.%, which is 
a slightly lower level compared to the alloy composition. The relatively low level of aluminium 
in this region compared to the level at the centre area supports the decomposition of the 
typical rectangular precipitate by outward diffusion of aluminium. There was no change in the 
composition of the altered gamma/gamma-prime precipitate area with oxidation time. This 
indicates that the mechanism for the decomposition of precipitates and the migration of 
elements into the oxide scale remains unchanged with oxidation time. Despite the 
continuous growth of alumina with oxidation time, the constant composition indicates that 
there is a sufficient supply of aluminium from the alloy substrate.  
In the central area of sample, the typical rectangular gamma/gamma-prime 
microstructure existed for all exposures. Based on the original shape of the precipitates, 
there is no detectable decomposition of the precipitates. In addition, the same level of 
aluminium in this area as the nominal composition supports the fact that there is little or no 
decomposition of precipitates during the high temperature exposure for all samples. In 





addition, the levels of the other elements were the same as the nominal composition. This 
indicates that the precipitates in the central area are stable at the oxidation temperature and 
do not decompose or change in size. 
  
6.3.3.3 Oxide growth mechanism 
Isotopic oxygen-18 helped in elucidating the oxide growth mechanism for the lanthanum-
doped alloy. Enrichment of 18O2 was observed at both the alumina/alloy interface and near 
the spinel/alumina interface with this double enrichment for 18O clearly displayed in the 18O- 
profile across the oxide layer (Figure 6.20 (d)). 
The enrichment of 18O at the alumina/alloy interface indicates new oxide is formed 
through the reaction between the inward diffusion oxygen and outward aluminium diffusion 
from the decomposed precipitates in the substrate. The detection of 18O- at the 
spinel/alumina interface overlapped with the distribution of white contrast fine oxides. These 
must be considered as new oxides formed through the outward diffusion of tantalum and 
titanium during oxidation; however, based on the distribution of 16O- from the first stage of 
the oxidation experiment, the dense and continuous alumina oxide layer was formed during 
this first stage of the oxidation experiment. Therefore, the outward diffusion of tantalum and 
titanium throughout the protective alumina oxide layer would be expected to be difficult. 
Consequently, the enrichment of isotopic oxygen near the spinal/alumina interface must 
result from new oxide formation but may not be by the outward metallic diffusion of tantalum 
and titanium throughout the alumina layer, but rather by the further solid reaction of alumina 
oxide into the spinel oxide phase (the spinel formation mechanism will be dealt with in 
section 6.3.4). This is supported by the increase in thickness of spinel oxide with oxidation 
time a phenomenon not observed when lanthanum is no longer present. 
 





6.3.3.4 Oxide growth kinetics 
The oxide scale grown on the La-doped alloy was composed of two layers. The 
thickness of the spinel layer increased with oxidation time and the thickness of the alumina 
layer increased with oxidation time but a one order of magnitude lower rate than of the rate 
of the spinel layer. The predominant mechanism controlling the scale growth is the growth of 
alumina oxide layer. The higher growth rate of the spinel layer was considered to be due to 
new oxide formation, not due to the outward diffusion of metallic species, but by the 
enhanced transformation of the alumina layer into the spinel layer as mentioned in the 
previous section. 
In an earlier study on the oxidation behaviour of Ni3Al, the most probable route for the 
spinel to form was suggested by the reaction of Ni + 2Al + 2O2 = NiAl2O4 based on the 
standard Gibbs free energy [18]. As mentioned before, the oxygen enrichment was observed 
near the spinal/alumina interface as a result of the suppression of oxygen into the grain 
boundary due to the reactive element absorption on the grain boundary. As a result of the 
high concentration of oxygen near the spinal/alumina interface, the reaction for spinel layer 
formation will precede into the direction to decrease the oxygen thereby the spinel layer is 
grown with oxidation time. 
In the case of the alumina oxide, the growth rate was about 70% of that of the alumina 
oxide layer grown on the bare metal (section 5.2.2.1). The accepted growth mechanism of 
an alumina oxide layer is controlled by the supply of oxygen to the alumina/alloy interface 
through inward oxygen diffusion via the alumina grain boundaries. The new oxide formation 
at the alumina/alloy interface was confirmed by the presence of 18O-. The slower rate of 
alumina oxide grown on the La-doped alloy than that of bare alloy has been ascribed to the 
partial blocking of inward diffusion oxygen via grain boundary due to the reactive element 
preferential site absorption on grain boundary [19]. 
 





6.3.3.5 La depth profile 
Lanthanum was not detected by the STEM EDX on the oxide scale for all samples; 
however, ToF-SIMS analyses, with a sensitivity of parts per billion, highlighted a distribution 
of lanthanum in the oxide scale. 
As shown in Figure 6.23, lines drawn on the tapered oxide scale from the top surface of 
the spinel to the substrate area were used to obtain line profiles for the lanthanum across the 
oxide scale. The intensity of the lanthanum measured for each area is displayed as three 
different terms; (1) intensity sum and (2) number of detected points per unit length and (3) 
intensity per detected point with oxidation time (Table 6.8). 
First, the intensity sum per unit length was examined to confirm the existence of doped 
lanthanum in each area. As expected since it is the source of the dopant, the alloy substrate 
exhibited the highest intensity. Interestingly, the lowest lanthanum enrichment was detected 
on the surface of the scale, in contrast to other studies where enrichment of reactive 
elements at the surface has been observed using STEM-EDX [20-22]. The measured 
intensity in each area increased with oxidation time. The frequency of lanthanum detection 
per unit length was analyzed to determine a qualitative density for the lanthanum distribution 
in each area. The number of detected points per unit length increased with oxidation time, 
indicating migration of lanthanum from the substrate and incorporation into the oxides. The 
driving force for the outward diffusion of lanthanum is thought to be the potential gradient of 
oxygen throughout the oxide layer [23]. The density of lanthanum detection was the highest 
in the spinel layer, followed by the alumina layer and then the surface.  
Interestingly, the frequency in the alumina layer was lower than that on the surface while 
the intensity per unit length was vice versa. Thus the intensity at each point was examined to 
clarify the relationship between the intensity and the frequency per unit length for each area. 
The intensity at each point was also highest in the substrate area with the value for the 





alumina higher than that on the surface. Also, the intensity from each point increased with 
oxidation time for each area examined. 
 The increase in intensity per unit length and the detected frequency for lanthanum 
with oxidation time indicates that lanthanum is transported outward to the surface through a 
time dependent oxidation process across the oxide layers. The solubility limit of reactive 
elements in alumina is very low (10 ppm for Y) [24]. The ionic radius of lanthanum (1.06 Å) is 
larger than that of yttrium (0.893Å); therefore, the lanthanum might be expected to tend to 
segregate to the grain boundaries [25]. It is likely that the migration of lanthanum to the 
surface and to the spinel layer occurs via the grain boundaries of the alumina layer. The 
relatively high level in the substrate acts as a reservoir of lanthanum for the outward diffusion 
process.  
  
6.3.3.6 Grain boundary microstructure 
The oxide growth with oxidation time was controlled by the alumina oxide layer. The 
alumina oxide was grown by the inward diffusion of oxygen and the combination of 
aluminium and oxygen at the alumina/alloy interface. The oxygen at the interface diffuses via 
grain boundaries in the alumina layer due to the high diffusivity of species at the boundary 
compared to that through the alumina lattice [26-27]. So, the grain boundary microstructure 
is crucial for elucidation of the oxide growth mechanism of CSMX-4 alloy with lanthanum 
doping. 
In the STEM EDX analysis, hafnium was observed at the grain boundaries of the 
alumina. According to a computational study on the behaviour of elements such as 
aluminium, hafnium, oxygen and yttrium on the alumina surface, positive and negative ions 
absorb at different sites for migration on the alumina surface [28].  
In the case of positive ions, they absorb on the same site on the alumina grain boundary. 
These positive ions form ionic bonds with the oxygen atoms but hafnium and yttrium form 





stronger bonds with the surface than aluminium [29]. The early transition metals tend to form 
strong bonds to neighbouring oxygen in alumina at the metal/alumina interface due to their 
open d-shells [29]. Consequently, hafnium and yttrium are effective site blockers for 
aluminium outward diffusion due to their strong bonding and the same site preference on the 
grain boundary of alumina.  
For negative oxygen ions, on the other hand, the pathway for diffusion is different from 
the positive ions. The inward diffusion of oxygen to reach the alumina/alloy interface occurs 
via grain boundary migration. Once this mechanism is effective, the amount of oxygen at the 
interface will be sufficient to form new alumina oxide within the gamma-prime depleted zone 
due to the faster consumption of aluminium than the supplying rate of aluminium from 
beneath the alumina oxide layer. However, in this study, there was no precipitate-free zone 
for all samples. If alumina formation resulted only from the inward oxygen diffusion, the 
distribution of 18O2 has to exhibit enrichment only at the alumina/alloy interface but in this 
work, enrichment of 18O2 was observed both near the spinel/alumina and alumina/alloy 
interfaces. 
So, there is a need for new theory to explain the acquired 18O2 distribution from the 
present study. Since oxygen does not absorb on the same site as lanthanum and hafnium, 
these reactive elements would not be likely to block inward oxygen diffusion. For the case of 
low levels of reactive elements, the oxygen might easily migrate through the grain boundary 
due to the different site preference to the positive ions. In the case of full absorption of 
positive ions at available sites on the grain boundaries, the migration of oxygen will be 
affected by the positive ions because the absorbed reactive element ions form ionic bonds 
with three oxygen ions [29]. As a result, the migration of oxygen along the grain boundary 
might be partially blocked or trapped by the formation of these bonds with the reactive ions 
[30]. It would, however, be expected that the blocking effect for oxygen is less than for 
aluminium due to the different site preference for oxygen. This is in good agreement with the 
conversion of the alumina growth mechanism from aluminium outward diffusion to oxygen 





inward diffusion due to the addition of reactive elements. In addition, the growth of alumina 
oxide was not stopped, but slowed and the oxygen might accumulate near the 
spinel/alumina interface due to the partial blocking of the oxygen. In addition, the enriched 
oxygen near the spinel/alumina interface enhanced the further formation of spinel oxide 
phase by solid reaction of Ni + 2Al + 2O2 = NiAl2O4 at the spinel/alumina interface. The 
observed enrichment of 18O near the spinel/alumina interface supports this theory. Also, the 
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The high temperature oxidation behaviour of CMSX-4 with lanthanum doping has been 
studied using a two-stage oxidation experiment including the transient oxidation behaviour 
during heating with different partial pressures of oxygen. After oxidation various analysis 
methods including FEG-SEM, TEM with EDX, FIB-SEM, FIB-SIMS and ToF-SIMS were 
applied. Based on the results shown in Chapter 4 (oxygen partial pressure effect on 
oxidation behaviour), Chapter 5 (oxidation behaviour of bare metal) and Chapter 6 (effect of 
lanthanum doping on scale adherence of CMSX-4), the acquired conclusions are as follows: 
 
7.1 The effect of oxygen partial pressure on the transient oxidation 
behaviour of the CMSX-4 during heating 
 
A dense and continuous protective aluminium oxide layer is formed during very short 
exposure to high temperature in a range of oxygen partial pressure during heating up to 
1135°C. 
At the high oxygen partial pressure, a triple-layered oxide microstructure is formed on 
the alloy surface through the initial fast diffusion of nickel for the outer layer, followed by an 
aluminium - and chromium - enriched middle layer, and an inner alumina layer formed by 
outward diffusion of aluminium from the alloy combined with inward oxygen diffusion, with 
new oxide formed at the alloy/oxide interface.  
At the lower oxygen partial pressures, the oxide microstructure consists of an exclusive 
aluminium oxide layer. Aluminium is the only element involved in the oxidation due to the 





lower oxygen activity. The source of the aluminium for the oxide layer is the decomposed 
aluminium from the gamma-prime precipitates present in the alloy.  
A precipitate free area beneath the oxide layer evolves by the decomposition of the 
gamma-prime phase to form the oxide. The final oxide microstructure, or oxidation behaviour 
of the alloy, is significantly affected by the oxygen partial pressure through the control of the 
main elements involved in the oxidation. 
When heat treatment is performed in argon or vacuum in industrial applications, 
oxidation can occur on the surface of a material. This can induce a different mechanical 
property from the bulk material in the near surface material as a result of the depletion of 
some constituent elements, depending on the oxygen partial pressure. In particular, when 
components with a thin wall thickness are heat-treated, caution is necessary to control the 
oxidation to ensure the desired properties of the alloy are not compromised. 
 
7.2 Oxidation behaviour of CMSX-4 at 1100°C using two-stage oxidation 
 
The oxidation behaviour of single-crystal nickel-base superalloy was studied using two-
stage oxidation experiments in 16O2 and then in 18O2 at a pressure of 0.2 atm at 1100°C. In 
this study, the investigation of oxidation behaviour was mainly focused on the scale 
microstructure and the spallation behaviour of scale. The conclusions are as follows: 
The microstructure of the surface scale grown on the alloy is composed of three layers: 
First, a spinel layer is present as the upper layer and is formed as a result of solid reaction 
between the nickel oxide and the underlying alumina layer. Tantalum- and titanium-rich 
oxides are embedded in the spinel layer due to the fast diffusion of tantalum and titanium in 
the alloy. A dense and continuous alumina oxide with a columnar grain structure is formed 





as the intermediate layer. Finally, a gamma-prime precipitate free zone (PFZ) formed as a 
result of loss of aluminium is present at the bottom of the scale. 
With oxidation time, the thickness of the spinel oxide layer remained constant. The 
intermediate alumina layer followed parabolic growth behaviour as the time of exposure 
increased. The growth rate for the scale is one order of magnitude lower than the alumina 
growth rate because of the inclusion of the spinel layer. This suggests that measuring the 
individual layers of the scale, rather than the total scale thickness, is necessary to clearly 
define the growth behaviour. When the rate constant for the growth of the surface oxide 
scale is applied for this purpose, the data should be used with caution because of the time-
independent property of the spinel layer in this system. Shorter exposure times should be 
evaluated to assess the development of the spinel layer growth kinetics. 
The oxide growth is controlled by the inward diffusion of oxygen via grain boundaries of 
the columnar grains of the dense alumina layer, this view is supported by ToF-SIMS maps 
that clearly indicated new oxide growth at the oxide/alloy interface. The existence of hafnium 
on the grain boundaries of the alumina suppresses the outward diffusion of aluminium 
through the grain boundaries due to the stronger site occupation tendency of hafnium 
compared to aluminium. On the other hand, the inward diffusing oxygen can more easily 
migrate due to the different site availability for positive ions. As a result, the oxide growth is 
governed by inward oxygen transport. 
Beneath the intermediate alumina layer, a gamma-prime precipitate free zone (PFZ) is 
formed as a result of the consumption of aluminium at the alumina/PFZ interface. The fine 
precipitation zone (FPZ) is present below the PFZ. The constant composition in the FPZ with 
oxidation time indicates that the region plays a role as a reservoir of aluminium for the new 
alumina oxide formation at the alumina/PFZ interface. The aluminium is supplied by the 
decomposition of the gamma-prime precipitate. 





The spallation of the surface scale occurs during cooling for all samples. The fact that no 
oxygen was detected on the exposed alloy surface provides evidence that the onset of scale 
spallation occurs at a temperature below which oxidation readily occurs. Rather than at the 
expected oxide/metal interface, spallation of the surface scale occurs at the PFZ/FPZ 
interface. Based on the composition in each zone, the PFZ and FPZ are expected to follow 
the mechanical behaviour of a single gamma phase and two phase gamma plus gamma 
prime during cooling, respectively. Consequently, a 0.2% flow stress differences between 
the two zones is above the flow stress of the PFZ over intermediate temperature range 
thereby the surface scale is spalled at the PFZ/FPZ interface. 
 
7.3 Effect of La-doping on the oxidation behaviour of CMSX-4 
 
The effect of lanthanum doping on the high temperature oxidation behaviour of CMSX-4 
alloy was investigated by two-stage oxidation experiments at 0.2 atm pressure at 1100°C 
with varying duration times up to 120 hours. After oxidation, the surface and cross-sectional 
microstructure of the samples were examined using FEG-SEM, FIB-SEM, TEM, EDX and 
ToF-SIMS. In particular, the identification of the location of lanthanum was carried out by the 
ToF-SIMS analyses on tapered surface oxide layers. The conclusions are as follows: 
 
An adherent oxide scale on the surface of the lanthanum-doped alloy was found for all 
exposures without spallation due to the beneficial effect of the reactive element lanthanum 
on the scale adhesion. The surface scale grown on the lanthanum-doped alloy was 
composed of a double layer. The upper layer was a complex spinel oxide with embedded 
tantalum- and titanium-rich oxides. Below this, a dense and continuous alumina oxide layer 
with columnar grains was formed.  





The growth of the surface oxide scale followed a parabolic behaviour. The spinel oxide 
layer grew faster than the alumina layer. As a result, the growth of the surface scale was 
controlled by the growth of the alumina layer. The alumina growth was predominantly 
governed by the inward diffusion of oxygen through the grain boundaries of alumina oxide 
due to the blocking effect of the reactive elements to the outward aluminium diffusion of 
aluminium via grain boundaries.   
In the alloy substrate area, a fine precipitate zone was formed beneath the alumina layer. 
In addition, the edges of the gamma-prime precipitates below this region were rounded and 
irregular immediately adjacent to the FPZ, while typical rectangular gamma-prime 
precipitates were present in bulk of the substrate. In these three areas, there was a gradient 
in aluminium concentration due to the outward diffusion of aluminium from precipitate 
decomposition to the alumina oxide layer.  Below the alumina layer, the fine precipitate 
continued to the oxide/metal interface with no precipitate free zone observed. A precipitate-
free area is formed by the consumption of aluminium in the substrate to form new oxide at 
the alumina/substrate interface through the reaction with the inward diffusing oxygen. The 
lack of this feature in the present work indicates that the amount of inward diffusing oxygen 
to the interface is smaller than the rate of aluminium supply. This suppression of inward 
oxygen transport is as a result of partial site-blocking of the oxygen-absorption sites by the 
reactive elements. 
Lanthanum was detected on the tapered sections of the oxide scale at the surface, upper 
spinel layer, lower alumina layer, and the substrate. The order of detection frequency of 
lanthanum for each area was the substrate, spinel layer, surface, and alumina layer with 
enrichment in each area increasing with oxidation time.  
The effects of reactive element on the oxidation behaviour of CMSX-4 alloy are follows:  





- The reactive elements (lanthanum and hafnium) act as effective blocks for 
aluminium outward diffusion so the alumina oxide growth was primarily 
determined by inward oxygen diffusion via the grain boundaries of alumina. 
- Oxygen ingress into the alumina grain boundaries was partially suppressed by 
the presence of reactive elements on the grain boundaries of the alumina. As a 
result, the enrichment of 18O2 was observed near the spinel/alumina interface. 
Also, the slower growth rate of the alumina layer on the lanthanum-doped alloy 
compared to the undoped metal supports the idea of a partial blocking effect of 
reactive elements on the inward oxygen diffusion. 
- The lack of a precipitation-free zone below the alumina layer is as a result of 
deficient inward oxygen diffusion by the partially blocking of reactive elements on 
the grain boundaries.  
 
Based on this study on the La doping effect on high temperature oxidation behaviour of 
CMSX-4, a small amount of La doping to CMSX-4 is suggested as attractive to avoid the 





Chapter 8: Comparison of high temperature oxidation behaviour on bare and                     





CHAPTER 8: Comparison of High Temperature Oxidation               
             Behaviour on Bare and Lanthanum Doped CMSX-4 
 
 
Based on the results shown in Chapter 5 (bare metal) and Chapter 6 (lanthanum doped), 
it was shown that the addition of lanthanum led to different oxidation behaviour at high 
temperature. The effect of lanthanum doping is to significantly change the adherence of the 
surface oxide scale to the alloy substrate. The differences in oxidation behaviour with 
lanthanum doping are summarised and compared in the following sections. 
 
 
8.1 Summary of Conclusions for Bare and La-doped CMSX-4 
 
Figure 8.1 shows the fractured oxide scales, viewed from the side plane, of the samples 
oxidised in 16O2 for 96 hours and then in 18O2 for 24 hours at 1100°C. For the bare metal, 
equiaxed upper and columnar lower oxide layers were observed. In particular, the surface 
scale was separated from alloy substrate (Figure 8.1 (a)). In the case of lanthanum-doped 
alloy, on the other hand, a similar scale microstructure comprising an equiaxed upper layer 
and columnar lower layer was observed but the surface scale was well adhered to the alloy 
substrate (Figure 8.1 (b)).  
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contribution of the comprising oxide layers to the total kinetics for surface scale growth was 
different from the case of the undoped metal. Unlike the spinel layer in the bare metal, the 
spinel layer was grown with a rate of 1.3 x 10-13 cm2/sec in the lanthanum-doped alloy. The 
spinel grew by the further reaction of alumina into the spinel phase near the spinel/alumina 
interface as evidenced by the enrichment of oxygen-18 in this location. The growth rate of 
alumina oxide was 3.3 x 10-14 cm2/sec in the doped alloy, lower than the undoped case. The 
inward penetration of oxygen into the grain boundaries of the alumina layer was inhibited 
due to the partial site blocking by reactive elements. As a result, the spinel formation 
reaction continued with oxidation time. The oxygen that passed down the grain boundaries 




For the undoped CMSX-4 alloy, most of the surface oxide scales grown on the alloy 
were spalled away on all samples during cooling from the oxidation temperature with some 
lightly attached oxide scale remaining in patches. The scale layer comprised three layers. 
The upper scale was spinel oxide, and then a dense and continuous alumina oxide was the 
intermediate layer. Finally, a nickel-rich oxygen free featureless region existed as the bottom 
layer. But, in the case of lanthanum-doped CMSX-4 alloy, only a double-layered scale 
comprising spinel oxide and alumina oxide was observed. 
The surface oxide scale grown on the alloys exfoliated only from the undoped metal 
during cooling with the spallation occurring at the interface between the featureless metallic 
third layer and the alloy substrate. The major difference in oxidation behaviour between the 
undoped and lanthanum-doped alloy was the spallation of the surface scale from the 
undoped metal. The spallation behaviour was related to the formation of a gamma-prime 
precipitate free zone (PFZ) below the alumina layer. Evaluation of the transporting 
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mechanisms of positive- and negative-ions along the grain boundaries of the alumina oxide 
enabled insight into the formation of the PFZ. Therefore, there is a need to understand the 
behaviour of the segregated reactive elements at the grain boundaries of the alumina.  
In the undoped alloy, hafnium was added at a level of 30 ppm and was detected on the 
grain boundaries of the alumina layer. As a consequence, the oxidation of the undoped 
metal exhibited a similar behaviour to the lanthanum-doped alloy, such that the oxide growth 
mechanism changed from outward nickel and aluminium diffusion to inward oxygen diffusion. 
The segregated hafnium on the grain boundaries of the alumina acted as an effective site-
blocker for aluminium outward diffusion and enrichment of 18O was found below the alumina 
layer. In addition, the growth of surface scale occurred by the growth of the alumina layer 
without further growth of the spinel layer with oxidation time. 
The spallation behaviour of the oxide scale on the undoped metal was related to the 
existence of a gamma-prime precipitate-free zone beneath the alumina layer. This zone is 
expected to exhibit a similar mechanical behaviour to a gamma single phase alloy, based on 
the equivalent composition (section 5.3.1.2). The spallation occurred at the interface 
between the PFZ and the fine precipitate zone in the bulk of the substrate due to the 
relatively low mechanical strength of the PFZ. The formation of the precipitate free zone was 
dependent on the inward diffusion of oxygen through the alumina layer. When the 
consumption rate of aluminium by the inward oxygen at the alumina/alloy interface is faster 
than the supplied rate of aluminium from the substrate, the precipitate free zone (PFZ) is 
formed.  
In the case of lanthanum-doped alloy, there was no gamma-prime precipitate free zone 
(PFZ) below the alumina layer. The reason for this is that the rate of inward diffusion of 
oxygen is slower than in the bare metal due to the partial site blocking of the sites for inward 
oxygen diffusion via grain boundaries in the alumina. The saturation of available sites for 
positive ion migration via the grain boundaries in the alumina was a result of the doping of 
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lanthanum together with the hafnium (the latter was also observed in the undoped alloy) on 
the grain boundaries. As a result, the amount of oxygen reaching the alumina/alloy interface 
was insufficient for complete consumption of the aluminium available from the alloy substrate 
and the precipitate free zone (PFZ) was not formed below the alumina layer.  
The relatively slow growth rate of the alumina layer on the lanthanum-doped alloy 
compared to the bare metal provides further evidence of the effect of the partial site blocking 
role of reactive elements, such as hafnium and lanthanum on the grain boundaries of the 
alumina, showing that the oxide growth occurred primarily by inward oxygen diffusion. 
Further, evidence for the site blocking effect on the inward oxygen diffusion through the 
alumina was the enrichment of 18O near the spinel/alumina interface, indicating that the 




A comparison of the high temperature oxidation behaviour of CMSX-4 with lanthanum 
doping was done in terms of scale microstructure and spallation. From this comparison the 
conclusions are as follows: 
 
 Spallation of the surface oxide scale grown on the undoped alloy during cooling 
from the oxidation temperature was related to the formation of a gamma-prime 
precipitate free zone (PFZ) beneath the dense and continuous alumina oxide 
layer. The PFZ is expected to exhibit a similar mechanical behaviour to the 
gamma single phase alloy based on composition. This weaker area experienced 
more strain due to its lower strength compared to the fine precipitation zone 
Chapter 8: Comparison of high temperature oxidation behaviour on bare and                     





(FPZ) located below the PFZ. As a result, the spallation of surface scale occurs at 
the PFZ/FPZ interface.  
 
 The PFZ in the undoped alloy was formed as a result of the faster consumption 
rate of aluminium at the alumina/alloy interface through new alumina formation by 
the combination with inward oxygen at the interface. Even the existence of 
hafnium on the grain boundary of the alumina oxide did not inhibit sufficiently the 
inward diffusion of oxygen to the alumina/alloy interface. The enrichment of 18O at 
the alumina/alloy interface supports the hypothesis of inward diffusion of oxygen 
through the grain boundaries of the alumina. 
 
 For the case of the lanthanum-doped alloy, the surface scale grown on the alloy 
was well adhered to the alloy substrate without spallation for all the samples 
studied. In addition, there was no formation of a precipitate free zone (PFZ) under 
the alumina layer. As mentioned above, the formation of PFZ was related to the 
inward diffusion of oxygen via the grain boundaries of the alumina, thus the 
inward diffusion of oxygen must have been reduced.  
 
 The absence of a gamma-prime precipitate free zone is ascribed to the saturation 
of positive ions at the available sites at the grain boundaries of the alumina. This 
saturation of positive ions at the grain boundary affects the inward diffusion of 
oxygen. Consequently, the rate of oxygen supply via grain boundary diffusion 
through the alumina is lower than the supplying rate of aluminium from the 
substrate at the alumina/alloy interface. Therefore, the precipitate free zone (PFZ) 
is not formed below the dense and continuous alumina layer, and the surface 
scale does not spall away during cooling.  
 






CHAPTER 9: FUTURE WORK 
 
 
9.1 Isothermal oxidation study 
 
During the transitional oxidation behaviour of CMSX-4 when heating to 1135°C in low 
oxygen partial pressure environments, a single continuous alumina oxide layer formed on 
the alloy. The experiment, however, finished when the temperature reached this temperature. 
Longer isothermal exposures at high temperature would provide information on the evolution 
of the continuous alumina layer and underlying microstructure. Since the dense and 
continuous alumina layer is already formed during heating, when heated in a low oxygen 
partial pressure, the further growth of this layer is expected by the inward diffusion of oxygen 
via the grain boundaries of the alumina. The further growth of the alumina layer into the 
substrate is beneficial for protecting the underlying substrate from oxidation. There is need to 
investigate the rate of growth of precipitate free zone (PFZ) and its relationship with the 
growth of the alumina layer and any subsequent oxides. For comparison, the same 
isothermal oxidation experiments on the lanthanum-doped CMSX-4 alloy must be conducted. 
In addition, as lanthanum is lost during casting of the single crystals, leaving a non-uniform 
distribution of this element in the metal, methods of locally applying lanthanum to the surface 
or near surface of the alloy should be explored.  
During the transitional oxidation behaviour of CMSX-4, the internal oxide intrusions 
exhibiting faceted shapes formed below continuous aluminium oxide. The nature of the 
facets was not determined in the present work; it may be surface recrystallisation or by non-
uniform distribution of the columnar alumina grains provided local enhanced oxygen levels. 





The formation mechanism of facetted internal aluminium oxide through the various heat 
treatments on single crystal alloys can be studied by transmission electron microscopy to 
determine the development of crystallographic relationships between the facets and the 
single crystal..    
Also, tantalum- and titanium-rich oxide particles were observed in the middle of spinel 
oxide layer of the condition H sample. However, these oxide particles were not rich in the 
upper nickel oxide layer and bottom aluminium oxide layer. The existence of tantalum- and 
titanium-rich oxide particles was found from previous studies on high temperature oxidation 
behaviour of nickel base superalloys, however, the formation mechanism for the tantalum-
rich oxide in the spinel oxide layer was not dealt with. So the study for diffusion behaviour of 
tantalum and titanium in a single-crystal nickel-base superalloys is needed to elucidate the 
mechanism of formation in the spinel oxide layer.  
 
9.2 Application of thermal barrier coatings (TBC) on the bare metal 
without a bond coat 
  
Studying the application of a thermal barrier coating without bond coating on the bare 
metal to which a continuous alumina layer had formed, under low oxygen partial pressure 
conditions such as a vacuum or argon environment, can potentially provide a cost-effective 
means of protecting both the inner and outer surfaces of aerofoils. For example, an MCrAlY 
(M: Ni and/or Co) bond coat provides both oxidation resistance for the substrate alloy 
through the formation of thermal grown oxide (TGO) at the interface between the ceramic 
top coat and bond coat layer and the bonding between the ceramic top coat and metal 
substrate due to the intermediate thermal expansion coefficient of ceramic top coat and 
metal substrate. In addition, this coating provides a source of metal cations for the oxidation 





reactions, thereby limiting solute depletion in the superalloy substrate. The formed 
continuous alumina layer on the bare metal during heating up in low oxygen partial pressure 
might behave in a similar role as the TGO alumina oxide formed on the bond coat. As the 
thermal barrier coating (TBC) is applied on the bare metal having a preformed continuous 
alumina through a heating in low oxygen partial pressure environment, the electron beam – 
physical vapour deposition (EB-PVD) would be preferred to air plasma spray (APS) or 
vacuum plasma spray (VPS) to avoid the damage of this alumina layer due to the collision of 
ceramic particles such as yttria-stabilized zirconia with the alumina scale formed on the 
peroxidised CMSX-4. 
 
9.3 Mechanical tests with alloy having composition of PFZ and FPZ 
 
The spallation of the surface scale grown on the undoped CMSX-4 occurred at the 
interface between the gamma-prime precipitate free zone (PFZ) and the fine precipitate zone 
(FPZ) due to differences in mechanical properties during cooling. The mechanical properties 
of the two zones were indirectly acquired using calculation and data from the literature. The 
mechanical properties of alloys having the same compositions as the PFZ and could be 
determined experimentally as a function of temperature. The behaviour of the PFZ and FPZ 
can also be studied using micromechanical testing of FIB milled cantilevers in the SEM.  
 
9.4 Effect of reactive elements on diffusion along the grain boundaries of 
alumina 
 





The blocking effect of reactive elements for the outward diffusion of aluminium via the 
grain boundary of the alumina oxide layer was clearly observed on the bare and lanthanum 
doped CMSX-4 alloy. In the case of inward diffusion of oxygen, the partial blocking effect of 
reactive element may have occurred for the lanthanum doped CMSX-4 alloy. The effect of 
reactive elements on suppression of oxygen inward diffusion needs to be elucidated whether 
the amount of reactive element (La + Hf) or the chemical species. An evident conclusion 
from the result on the bare CMSX-4 is that the amount of 30 ppm Hf is not enough to exhibit 
the complete blocking of inward diffusing oxygen. So the bare CMSX-4 alloy with 
independent addition of 50 ppm Hf and 50 ppm La should be investigated under the same 
experimental conditions. The effect of reactive element on the migration behaviour of oxygen 
on the grain boundary of alumina can be confirmed by whether the precipitation free zone 
(PFZ) is formed or not under alumina oxide layer. 
